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Abstract 

Rivers link the lands with the oceans, the two large pools in the global 

carbon cycle. The riverine carbon load is about 1.0 Pg-C yr-1, which is comparable to 

the net ecosystem production (NEP), and thus is essential to determine whether the 

terrestrial ecosystem is a carbon sink or a source. Many studies have been conducted 

to quantify the carbon load in streams and rivers, and to analyze the factors 

influencing the loads and biogeochemical properties of the carbon at different spatial 

scales.  

Studies on small watersheds are suitable to analyze the effects of a single 

factor on the change of loads or characteristics of stream carbon, while the studies on 

meso- or macro-scale watersheds are appropriate to systemically examine the effects 

of several factors. In order to deeply understand on the amounts and biogeochemical 

characteristics of stream and river carbon in Asia, I analyzed the loads and properties 

of stream and riverine carbon at multiple scales of watersheds: a forest headwater 

stream, the five largest rivers of South Korea (the Han River, the Geum River, the 

Youngsan River, the Sumjin River, and the Nakdong River), and the rivers in Asia.  

The concentration of stream carbon was measured for weekly collected 

samples and dual carbon isotopes (δ13C and Δ14C) were analyzed seasonally from a 



 

 

small forested watershed during January 2012–April 2015. Stream samples were also 

collected at 2–24 hour intervals during eight summer storms within the period. 

Annual total carbon (DIC (dissolved inorganic carbon), DOC (dissolved organic 

carbon), and POC (particulate organic carbon) combined) yield was 1.7 g-C m-2 yr-1, 

of which 83% was released as DIC. More than a half of annual stream carbon load 

was transported during summer (June–August). The Δ14CDOC ranged from -81.5‰ to 

45.5‰, whereas δ13CDOC ranged from -29.4‰ to -13.4‰, indicating the sources of 

stream organic carbon can be shifted from deep, ground water in dry period to surface 

organic matter during rainfall.  

About 580 Gg-C yr-1 was released by the five largest rivers of South Korea 

in 2012–2013, corresponding to the total carbon yield of 10 g-C m-2 yr-1, which was 

twice of global average. The DIC was the main component of riverine carbon, 

accounting for 80% of the total carbon yield. About 34-46% of the annual riverine 

carbon load was exported during summer. The Δ14CDIC ranged from -88.7 to 26.9‰, 

Δ14CDOC from -124.3 to 0.8‰, and Δ14CPOC from -125.5 to 35.1‰. The most enriched 

Δ14C was observed in summer regardless of carbon species, suggesting that relatively 

young carbon was released during summer while old carbon was transported in the 

other seasons.  

A total of 241 Tg-C was newly estimated to be transported through the rivers 

in Asia, which is similar to the estimates of previous studies. The DIC was the 

dominant component of carbon in rivers, accounting for 57% of the total carbon load 



 

 

followed by DOC (26%), POC (15%), and PIC (2%). However, the proportion of DIC 

load to the total carbon load was up to 19% higher, while the proportion of POC load 

was 11–19% lower than those of previous studies possibly because new relationships 

between carbon loads and Q were developed in this study with more data on rivers in 

Asia. Natural factors including water yields and slope have significant correlations 

with riverine carbon loads than anthropogenic factors such as %urban, %agriculture, 

and population density of watersheds. The results suggest that riverine carbon sources 

are dynamically changing depending on season, especially during summer monsoon. 

The amounts and biogeochemical properties of stream and river carbon in Asia could 

be dominantly affected by summer storms, impacting estuarine and oceanic 

ecosystems. 
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organic carbon, particulate inorganic carbon, particulate organic carbon, river, 

watershed, Asia 
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CHAPTER ONE 

General Introduction 

 

 

Rivers connect the lands and the oceans, the two largest carbon pools in the 

global carbon cycle. The riverine carbon load to the oceans is approximately 1.0 Pg-

C yr-1 which is much smaller than the other carbon fluxes such as photosynthesis 

(120 Pg-C yr-1), autotrophic respiration (60 Pg-C yr-1), and heterotrophic respiration 

(60 Pg-C yr-1) (Schlesinger and Bernhardt, 2013). However, the riverine carbon load 

is comparable with net ecosystem production (NEP) which determines whether an 

ecosystem is a carbon sink or a source (Mayorga et al., 2005; Cole et al., 2007). 

Concentrations and properties of carbon in streams and rivers are the results of a 

variety of physicochemical reactions within terrestrial and aquatic ecosystems, from 

short-term processes (seconds to decades) such as photosynthesis, respiration, air-

water CO2 exchange to long-term responses (centuries to millions of years) such as 

weathering (Cole et al., 2007).  

There are four species of carbon in streams and rivers, dissolved inorganic 

carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon (POC), 

and particulate inorganic carbon (PIC). DIC is mainly associated with weathering 

process and respiration of biota, DOC is mainly derived from leaching of soil 
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organic matter and plants, POC is related to soil erosion and generation or inputs of 

microorganisms, and PIC is mostly caused by erosion of carbonates (Meybeck, 

1993). The loads of DIC, DOC, POC, and PIC account for 39.5%, 22.0%, 21.0%, 

and 17.5% of riverine carbon exports globally, respectively (Meybeck and 

Vörösmarty, 1999). 

Studies on quantity and quality of stream and riverine carbon have been 

actively conducted from first-order small streams to the large rivers which flow 

across several countries (Ludwig et al., 1996; Cole et al., 2007; Marwick et al., 

2015). The amount and characteristics of stream and riverine carbon can be 

governed by a variety of factors, such as climate, soil properties, and land use land 

cover (LULC) (Alvarez-Cobelas et al., 2012; Butman et al., 2012). The effects of 

each factor on stream and riverine carbon quality and quantity can be scale 

dependent. Research on a small stream or a study on paired watersheds is suitable to 

scrutinize the effect of a single factor, such as precipitation, LULC, or soil 

properties, on concentrations and properties of stream carbon (Shin et al., 2011; 

Jung et al., 2012; Lu et al., 2014). In contrast, studies on major river systems could 

provide comprehensive analysis on the effects of the factors on loads and 

characteristics of riverine carbon (Butman et al., 2012; Wang et al., 2012; Wang et 

al., 2016). For example, whereas the relationships between ∆14C and the factors 

such as water discharge (Q), vegetation, and population density were not clear 

within each river watershed, clear relationships among them were observed across 
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15 large rivers in USA (Butman et al., 2012). This suggests that the effects of those 

factors on the quality of riverine carbon can be identified by a study employing 

many watersheds over a continent (Dai et al., 2012; Huang et al., 2012; Patra et al., 

2013; Butman et al., 2015). 

The objective of this research is to broaden our understanding on both the 

quantity and quality of stream and riverine carbon on multiple spatial scales, from a 

small mountainous headwater stream to the five largest rivers in South Korea, and to 

rivers in Asia. For this, concentrations, loads, and biogeochemical properties of 

streams and rivers including dual carbon isotopes (δ13C and ∆14C) were investigated 

and the factors governing them were systematically examined.  

In Chapter two, the concentrations of each stream carbon species (i.e., DIC, 

DOC, and POC) and optical properties of DOM were measured for weekly collected 

samples from January 2012 to April 2015 and for storm samples during the summer 

of 2012–2014. The dual carbon isotopes for DOC and POC were analyzed on a 

seasonal basis for the first time in South Korea. 

In Chapter three, loads and biogeochemical properties of riverine DIC, DOC, 

and POC were analyzed for seasonally collected samples and the dual carbon isotopes 

were measured in the five largest rivers (the Han River, the Geum River, the Youngsan 

River, the Sumjin River, and the Nakdong River) of South Korea for the first time. 

The effects of soil types, LULC, and hydrological characteristics on loads and 14C-

ages of riverine carbon were investigated.  
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In Chapter four, a total of 128 papers were collected to build a database and 

to estimate riverine carbon loads in Asia. Asian carbon yield maps were provided, 

and correlations between watershed carbon yields and a variety of factors including 

climate, slope, rock types, and population density were analyzed. Despite that carbon 

loads of the rivers in Asia were estimated to contribute to ~50% of global riverine 

carbon loads, only data on <30 rivers in Asia have been used to estimate global 

riverine carbon loads, accounting for 24–35% of the number of global rivers used for 

estimation. I provided new, improved estimates on riverine carbon load of Asia. 

This multiscale study from a headwater stream in South Korea to the major 

rivers in Asia would help us to better understand stream and riverine carbon 

dynamics. The results could be used to develop and implement water management 

policies. 
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CHAPTER TWO 

Dynamics of Stream Carbon Species in a Small Forested 

Watershed under Asian Monsoon Climates 

 

 

1. Introduction 

Stream carbon works as energy sources for aquatic biota (Jaffé et al., 2004), 

transfers pollutants (Jaffé et al., 2004), and can generate carcinogenic byproducts 

during water purification process (Chow et al., 2005; Hur et al., 2014; Jung et al., 

2014). Thus, many studies have been conducted to investigate concentration, load 

and properties of stream carbon over the world (Hood et al., 2006; Fellman et al., 

2009; Jung et al., 2014; Sanderman et al., 2009). 

Stream discharge (Q) is one of the most dominant factors on stream carbon 

loads. The other factors include soil type, land use/land cover, and human activities 

in watersheds of the 1st–2nd order streams (Hood et al., 2006; Fellman et al., 2009; 

Raymond and Saiers, 2010; Jeong et al., 2012). DIC concentration ([DIC]) decreases 

as PPT increases due to dilution effects by rapid increase of surface runoff while DOC 

concentration ([DOC]) and POC concentration ([POC]) increase because of flushing 
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effect and erosion of soils as PPT increases in small forested streams (Hood et al., 

2006; Jeong et al., 2012; Dhillon and Inamdar, 2013, 2014). Stream carbon loads 

drastically increased during extreme rainfall events such that 48–50 % of annual DOC 

load and 80–84% of annual POC load were discharged from a couple of forested 

streams in monsoonal storm events (Kim et al., 2010; Jeong et al., 2012). 

Isotope ratios (δ13C and ∆14C) of stream DOC can change during intensive 

storm events in monsoon period (Sanderman et al., 2009). The ∆14CDOC increased and 

δ13CDOC decreased by rising PPT and Q in a small forested watershed in USA, 

suggesting that relatively fresh dissolved organic matter (DOM) from shallow soils 

flowed into the stream in monsoon period, whereas aged DOM of deep soil water was 

the main source at the baseflow (Sanderman et al., 2009; Jin et al., 2018).  

Studies to examine carbon properties in headwater streams using dual carbon 

isotopes have received little attention than large river systems, although the 1st and 

2nd streams account for 77% of the total stream length of the earth (Downing et al., 

2012). More than 70 studies have been conducted on carbon isotopes of small streams. 

However, dual carbon isotopes have been measured only in 16 studies among them 

since 1990 (Schiff et al., 1990; Schiff et al., 1997; Neff et al., 2006; Sanderman et al., 

2009). In general, modern DOC was released by forested streams due to fresh OM 

inputs derived from top soils and plants. However, low ∆14CDOC down to -125‰ was 

observed in mountainous streams, corresponding to the 14C age of ~1,000 years BP, 

due to contribution of groundwater or old soil OM (organic matter) in deep soil 
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horizons (Sanderman et al., 2009). Only one study reported dual carbon isotopes in 

South Korea to determine the sources of river carbon (Jin et al., 2018). River samples 

were collected and analyzed for dual carbon isotopes in July, 2014 and May, 2015 at 

15 sites from upper reaches to lower reaches the Han River (HR) of South Korea in 

which ∆14CDOC was higher in forested headwater stream than lower reach and 

decreased down to -129‰ in downstream of the HR because of the contribution of 

WWTP effluents (Jin et al., 2018). 

Forests account for 64% of land area of South Korea, and it is important to 

quantify the carbon that is released by forest streams and to identify its characteristics 

to understand the stream carbon dynamics in South Korea. The objective of this 

research is to assess the effects of hydrological events on the amounts and properties 

of stream carbon and to track the dominant sources of carbon in a small mountainous 

watershed of South Korea under monsoon climate. For this aim, concentration of 

stream carbon was measured during January 2012 – April 2014, and annual stream 

carbon loads of stream carbon species (DIC, DOC, and POC) were estimated. Dual 

carbon isotopes were also analyzed for seasonal samples. This study can expand our 

understanding on biogeochemical change of stream carbon in a forested watershed 

under monsoon climates. 
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2. Methods 

2.1. Study site 

This study was conducted in the Bukmoongol watershed (henceforth BW) 

of Mt. Baekwoon, within the Seoul National University Forest in Gwangyang, South 

Korea (35°01’30”N – 35°03’00”N, 127°36’00”E – 127°37’30”E) (Figure 1). Annual 

mean temperature was 12.8oC and annual mean PPT was 1,583 mm during January 

2012 – April 2015. The BW is under monsoon climate zone where 50% of annual 

PPT fell in summer (June – August) during the three study years. The area of the BW 

is 0.33 km2 and the altitude ranged from 120 to 341 m with mean slope of 29%, where 

the dominant rock types are granite and gneiss, and the soil structure is mostly sandy 

loam and silt loam (Choi, 2001). Seventy percent of the BW area is covered with 

coniferous trees (e.g. Cryptomeria japonica, Pinus densiflora, Pinus rigida, Pinus 

thunbergii, Pinus koraiensis), and the remaining 30% with deciduous trees (e.g. 

Castanea crenata, Quercus acutissima). 
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Figure 1. The location of the study site (red square), the Bukmoongol watershed in 

Mt. Baekwoon of South Korea. The small box is an enlargement of red square. 

Purple and yellow circles are the sampling points of stream water and groundwater, 

respectively. The blue lines are streams. 
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2.2. Sampling scheme and analysis 

About one liter of stream water was sampled weekly in a ponding basin in 

front of a U-shaped weir during January 2012 – April 2015. The water sample was 

transferred to the laboratory in a polycarbonate (PC) bottle and filtered with Whatman 

glass fiber filter (GF/F filter of 0.7 μm pore size). The filter was subsequently frozen 

for [POC] and Δ14CPOC analysis. About 600 mL of filtered water was also frozen in a 

PC bottle for Δ14CDOC analysis. The remaining filtered water was stored in 

polyethylene (PE) bottle to analyze pH, [DIC], [DOC], [POC], and optical properties. 

The pH was measured by Metrohm 827 pH meter (Metrohm AG., Herisau, 

Switzerland). Alkalinity was calculated by ion balance method (Cho et al., 2009; Cho 

et al., 2010; Cho et al., 2012) using the concentrations of major cations (Na+, NH4
+, 

K+, Mg2+, Ca2+) and anions (Cl-, NO2
-, NO3

-, PO4
3-, SO4

2-) (Dionex ICS-1600 ion 

chromatography, Dionex, Sunnyvale, CA, USA). The [DIC] was determined by pH 

and alkalinity of filtered water using CO2SYS program (CO2SYS Version.2.1, 

http://cdiac.ess-dive.lbl.gov/ftp/co2sys/). The [DOC] was analyzed using TOC-VCPH 

instrument (Shimadzu Corporation, Japan) and [POC] was measured by SSM 

instrument (Shimadzu Corporation, Japan). The ultraviolet-visible (UV-VIS) 

absorbance was measured by UV-VIS spectrophotometer (Agilent Technologies, 

Santa Clara, California, USA) and fluorescence characteristics of DOC were 

determined using fluorescence spectrometer (Cary Eclipse Fluorescence 
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Spectrophotometer, Agilent Technologies, USA). About 200–250 mL of the weekly 

water samples were composited to make seasonal samples and frozen in PC bottle 

until the Δ14CDOC analysis. 

Stream water was sampled intensively during eight storm events during 

2012–2014 (Table 1). The water samples were collected in two-hour intervals until 

the water discharge reached its peak, and at 4- to 24-hour intervals for the remaining 

period. All samples were filtered using GF/F filter and put into PC bottle for Δ14CDOC 

analysis and PE bottle for [DOC] analysis. Samples in PC and PE bottles and the 

filters were frozen on the spot before moving them to the laboratory. The 

[DIC],[DOC], and [POC] were estimated in the same way as described above. 
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Table 1. Information on the storms in which stream samples were collected. 

Storm 

No. 
Duration 

Total 

PPT 

(mm) 

Max PPT 

intensity 

(mm day-1) 

Mean PPT 

intensity 

(mm day-1) 

Note 

Storm 1 29 June –  

1 July 2012 

24.1 18.5 8.0  

Storm 2 05–06 July 

2012 

48.0 29.5 16.0  

Storm 3 10–15 July 

2012 

200.5 102.5 33.4 Two consecutive 

storm events 

Storm 4 17–18 October  

2012 

33.1 33.0 16.6  

Storm 5 10–11 

November  

2012 

14.5 9.0 7.3  

Storm 6 23–24 April 

2013 

58.0 57.5 29.0  

Storm 7 03–08 July 

2013 

122.6 55.1 20.4 Three consecutive 

storm events 

Storm 8 02–09 August  

2014 

240.0 170.0 30.0 Typhoon NAKRI 
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About 300 mL of stream water was filtered using GF/F filter and 100 μL of 

saturated HgCl2 solution was added to prevent respiration of microbes in pre-burned 

biological oxygen demand (BOD) bottle for Δ14CDIC analysis in March 2014. 

Groundwater was collected monthly from November 2016 to October 2018 

and filtered using GF/F filter. About 200 mL was refrigerated in a PE bottle to 

measure concentrations of DOC and major ions. About 10 L of groundwater was 

sampled in October 2018 and March 2019, filtered by GF/F filter, and kept frozen in 

PC bottle until Δ14CDOC analysis (Table 2). 

Water depth of the BW was measured every hour on a U-weir by the Forest 

Engineering Lab in Seoul National University, and used to calculate daily Q using 

Francis's equation, Q=1.84 x H(3/2) (Horton and Murphy, 1906). Daily stream carbon 

loads (= concentration x Q) were estimated for May 2012 – April 2013, using the log-

linear relationship between measured carbon loads (DIC, DOC, and POC) and daily 

Q (model 1) of the LOADEST (load estimator) program developed by US Geological 

Survey (Runkel et al., 2004).  
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Table 2. The number of samples used for each analysis 

Analysis Duration Number of samples 

Stream carbon concentration   

DIC January 2012 – April 2015 226 

DOC January 2012 – April 2015 330 

POC January 2012 – April 2015 175 

Optical Properties May 2012 – April 2015 211 

Dual carbon isotopes   

Stream DOC 

January 2012 – April 2015  

(Seasonal) 

17 

Stream POC Storm 7 (July 2013) 2 

Groundwater DOC 

October 2018 and March 

2019 

2 
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2.3. Optical properties 

Optical properties of dissolved organic matter (DOM) were analyzed using 

UV-VIS absorbance and fluorescence intensities of the water samples. Each sample 

was set at the room temperature before measurement. The UV-VIS absorbance was 

measured between 250 nm and 750 nm using 1.0 cm quartz cell. Deionized water (DI) 

was used for blank. Specific UV absorbance at 254 nm (SUVA254) which represents 

aromaticity, was calculated by the UV absorbance at 254 nm divided by [DOC]. One 

mole of HCl was added to decrease the pH by 2–3, to reduce the fluorescence 

interference effects due to the combination metal compound and DOM (Westerhoff 

et al., 2001) until November 2014. Samples were not acidified after December 2014. 

The optical properties of DOM can change by acidification (Spencer et al., 2007) and 

freezing of samples (Spencer et al., 2007; Fellman et al., 2008). Thus, the optical data 

should be interpreted with caution. Parallel factor analysis (PARAFAC) was used to 

identify DOM components by DOMFluor Toolbox of MATLAB program (The 

MathWorks Inc. version 8.1) (Stedmon and Bro, 2008). Three components (C1–C3) 

were selected: C1 is terrestrial humic materials, C2 is terrestrial fulvic substances, 

and C3 is protein-like matter (Table 3). The detailed process for PARAFAC analysis 

is explained in Shin et al. (2016).



24 

 

Table 3. The three DOM components of streamwater by PARAFAC analysis 

Component Excitation 

maximum 

wavelength 

Emission 

maximum 

wavelength 

Origin Fluorophore Group Components classified 

in previous study 

Stedmon and Markager 

(2005) 

C1 <250 436 Terrestrial Terrestrial, Humic acid 

fluorophore group 

3 

C2 <250 490 Terrestrial Terrestrial/Autochthonous, 

Fulvic acid fluorophore 

group 

2 

C3 <250 340 Autochthonous Autochthonous, Protein-

like (Tryptophan-like) 

fluorescence 

7 
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2.4. Dual carbon isotopes analysis 

A total of 14 samples were examined for dual carbon isotopes of DOC: 4 

seasonal samples (spring, summer, fall, and winter) and 2 samples during a storm in 

2013, 7 composited samples (one composite sample for each season) during 2014–

2015, and one sample during Storm 8 (Table 2 and A1). For Δ14CDOC analysis, each 

sample was acidified using 40% of H3PO4 solution to eliminate DIC. Then, samples 

were oxidized to CO2 with ultrahigh purity O2 gas using UV lamp for at least for four 

hours (Raymond and Bauer, 2001). The CO2 was extracted using liquid nitrogen in 

vacuum line, and sealed in pre-combusted pyrex tube.  

The Δ14CPOC was analyzed for residues on GF/F filter in summer and storm 

events of 2014. The concentration of POC in the other seasons was too low to conduct 

dual carbon isotope analysis. Each filter was fumigated by concentrated HCl and 

dried at 60 oC. The dried filter was sealed in a pre-combusted quartz tube with silver 

wire and CuO, and oxidized to CO2 at 850oC in a furnace (Druffel et al., 1992). The 

released CO2 was sealed in a pre-burned pyrex tube in the vacuum line after cryogenic 

separation. The sealed CO2 samples were sent to the NOSAMS (National Ocean 

Sciences Accelerator Mass Spectrometry) facility and analyzed for δ13C and Δ14C. 

More specific preparation process is illustrated in detail in Raymond and Bauer 

(2001). 
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3. Results  

3.1. Stream carbon concentrations and loads 

 

Figure 2. Concentrations of stream carbon during January 2012 – April 2015. 

[POC] was analyzed from July 2012. 

 

The annual mean concentrations of each carbon species in the BW during 

2012–2015 were 3.4 ± 0.1 mg L-1 (mean ± s.e.) for DIC, 0.9 ± 0.0 mg L-1 for DOC, 

and 0.4 ± 0.1 mg L-1 for POC (Figure 2). The annual mean concentration of total 

stream carbon ([TC]: concentrations of DIC, DOC, and POC combined, not including 
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PIC) was 4.7 mg L-1. The [OC] was the highest during summer, 1.3 mg L-1 for DOC 

and 0.6 mg L-1 for POC. The [DIC] increased up to 3.9 mg L-1 in autumn. 

The mean [DIC], [DOC], and [POC] of the 8 storm events (Table 1) were 

3.3 ± 0.1 mg L-1, 1.3 ± 0.1 mg L-1, 0.5 ± 0.3 mg L-1, respectively. The [DIC] slightly 

decreased while [DOC] and [POC] increased during the storms. The mean [DOC] of 

storm events was 2.4 times higher than that of weekly samples (p < 0.01). The 

increase of [DOC] and the dilution of [DIC] was conspicuous in Storm 8 which was 

a typhoon storm with the highest PPT. 

A total of 1,006 kg of carbon was released from the BW during May 2012 – 

April 2013, of which DIC accounted for 738 kg-C yr-1, followed by 200 kg-C yr-1 of 

DOC, and 67 kg-C yr-1 of POC. This is equal to 1.21 g-C m-2 yr-1 of DIC, 0.38 g-C 

m-2 yr-1 of DOC, and 0.12 g-C m-2 yr-1 of POC. The DIC was the dominant component 

form of stream carbon based on loads in 2012, accounting for about 73% of TC loads, 

followed by DOC (20% of TC), and POC (7% of TC). The precipitation during June–

August 2012 was 947 mm, which corresponds to 53% of the annual PPT in 2012. 

About 54% of annual DIC, 62% of annual DOC, and 58% of annual POC loads were 

released from the watershed. 

  



28 

 

 

3.2. Properties of stream DOC 

3.2.1. Optical properties of stream DOC 

The mean SUVA254 during 2012–2015 was 3.5 ± 0.1 L m-1 mg-C-1 with the 

highest being in winter (3.8 ± 0.2 m-1 L mg-C-1) and lowest being in summer (3.4 ± 

0.1 L m-1 mg-C-1) (Figure A1). The dominant component of stream DOM during 

2012–2015 was terrestrial humic material (C1) accounting for 53.1% of DOM, 

followed by 29.3% of terrestrial fulvic material (C2), and 17.6% of protein-like 

matter (C3) (Figure A1). The proportion of terrestrial materials (%C1 + %C2) of 

DOM was highest in summer (85.2%) and lowest in winter (74.2%), while the 

proportion of protein-like matter (%C3) in winter was 25.8%, which was higher than 

those of the other seasons (14.8–18.0%) (Figure A1). 

The analysis for DOM components in Storm 7 and Storm 8 showed that C1 

accounted for 55.6% of DOM, followed by C2 (30.6%) and C3 (13.8%) (Figure A2). 

The percentage of C3 temporarily increased up to 34.0% during Storm 7 and up to 

37.7% during Storm 8, and subsequently declined by decreasing Q. 
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3.2.2. Stream δ13CDOC and ∆14CDOC 

The stream δ13CDOC ranged from -29.4‰ to -13.4‰ and ∆14CDOC ranged 

from -81.5‰ to 45.5‰ during 2013–2015 (Figure 3 and Table A1). The δ13CDOC and 

∆14CDOC varied seasonally. The δ13CDOC was high in winter (December–February) 

with the mean of -19.2‰ and low in summer (June–August) with the mean of -26.0‰. 

Relatively high ∆14CDOC of -3.4 ± 13.5‰ was observed in summer and down to -58.1 

± 10‰ in winter, except for the sample of February 2013. The sample with the lowest 

δ13CDOC and the largest ∆14CDOC was observed during a storm in summer (Figure 3). 

The δ13CDOC increased while ∆14CDOC decreased in the other seasons. Relatively 

young carbon with ∆14CDOC ranging from -6.2‰ to 45.5‰ was observed at the peak 

of intense rain events (Figure 3 and Table A1). Only two POC samples were analyzed 

for ∆14CPOC. The ∆14CPOC was 24.8‰ during a storm event and -17.8‰ for summer 

(Figure 3).  
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Figure 3. The δ13C and ∆14C of organic carbon in the forest stream during 2013–

2015. POC in pink and DOC in the other colors. Spring is March–May, summer is 

June–August, fall is September–November, and winter is December–February. 
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4. Discussion 

4.1. Stream carbon dynamics 

4.1.1. Concentrations of stream carbon in weekly samples 

Stream [DIC] accounted for 81% of [TC], followed by DOC (15%), and 

POC (6%) over the three years. The [DIC] of the BW ranged 0.7–8.8 mg L-1, which 

was comparable with those of the other forest streams (3–8 mg L-1) that have low 

carbonate bedrock area (Table 4; Shibata et al., 2001; Lu et al., 2014). Bicarbonate 

was the dominant component of stream DIC, accounting for 78% of [DIC] because 

water pH was ~7.0. [HCO3
-] was positively correlated with [Ca2++Mg2+] (R2=0.61; 

p<0.01), suggesting that weathering be the main process to produce DIC. 

The [DOC] of BW where there is no wetland, was lower than those of the 

other forest streams which ranged from 1.2 to 12.3 mg L-1 globally (Table 4). 

However, less than 1 mg L-1 of [DOC] during baseflow was not uncommon in several 

mountainous head streams in South Korea (Kim et al., 2010; Jeong et al., 2012; Yang 

et al., 2015a; Yang et al., 2015b).   

The SOC and organic-rich clay content can positively be correlated with 

stream [DOC] (Hope et al., 1994; Aitkenhead and McDowell, 2000; Alvarez-Cobelas 

et al., 2012) because DOC is derived from solubilization of soil organic matter (Deb 



32 

 

and Shukla, 2011). The SOC can be hard to be accumulated in forest with steep slopes 

of South Korea. The BW is also a watershed with steep slope with the mean of 29% 

(Choi, 2001). The [SOC] in BW ranged from 3.4% at 0–10 cm to 2.7% at 10–30 cm 

soil depth. The SOC content was estimated to be 4.05 kg m-2 within 1 m deep soils in 

forests of South Korea (Hong et al., 2010), which was ~4 times lower than that of 

global temperate forests (14.5 to 17.4 kg m-2) (Jobbágy and Jackson, 2000). Clay 

content is also low in BW soils and the predominant soil texture is sandy loam 

(Combalicer et al., 2008). These suggest that the low [DOC] in BW and the other 

forest watersheds of South Korea could be due to relatively low SOC content and low 

clay content. 

The [POC] in BW was comparable with or lower than those of the other 

forested watersheds (Table 4), which also might be caused by low SOC content in 

BW because stream POC is generated by erosion of SOC. More than 1 mg L-1 of 

[POC] were observed in only 11 samples during 2012–2015, the [POC] down to 0.01  

mg L-1 during baseflow. 
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Table 4. Concentrations of stream carbon in small forested watersheds which have less than 100 ha of watershed area. The units 

are in parenthesis. The units of concentration are mg L-1. 

Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

BW,  

South Korea 

33  Granite and 

gneiss  

Mixed forest 

(70% coniferous 

and  

30% deciduous) 

 
3.4 ± 0.1  0.9 ± 0.0  0.4 ± 0.1  2012–2015 this study 
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Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Haean Basin, 

South Korea 

38  Biotite 

granite 

(basin 

bottom) 

metamorphic 

rocks 

(mountain 

ridges) 

Mixed deciduous 

forests 

1,068 
 

1.1 (total) 

0.7 

(baseflow) 

0.7  

(total) 

0.2 

(baseflow) 

2009–2010 Jeong et al. 

(2012)  

Gwangnueng 

catchment, 

South Korea 

22  Weathered 

gneiss 

   
<1.0 

(baseflow) 

<1.0 

(baseflow) 

2005 Kim et al. 

(2010) 
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Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Ehwa Brook, 

South Korea 

22.7 

 
Broadleaf forests 

(65%) 

mixed forests 

(27%) 

grasslands (8%) 

 

1,100 
 

0.9-2.0 ~0.1 

(baseflow) 

up to 13.6 

(peak flow) 

2 storms on 

August, 

2013 

Yang et al. 

(2015a) 

   
1.2-9.5 

 
4 storms in 

2014 

Yang et al. 

(2015b) 

first-order 

streams in 

sub-

watersheds of 

 
Quaternary 

and upper 

Tertiary 

sedimentary 

83% forest (F1) 
 

3.7 4.7 0.3 2008–2009 

Lu et al. 

(2014)  100% forest (F2) 
 

8.6 7.1 1.2 2008–2009 
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Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Pamunkey, 

Mattaponi and 

James Rivers, 

USA 

 

 deposits 

 

100% forest (F3) 
 

3.4 7.4 1.0 2008–2009 

Piedmont 

region of  

Maryland 

12  
 

Deciduous forest 

with pasture 

1,231 
 

1.7 

(baseflow) 

 
2008–2009 Inamdar et 

al.  

(2011) 

forested 

watershed, 

USA 

     
22.3 

 
2 Storm 

events (1) 

6–9 Sep. 

Fellman et 

al. (2009) 
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Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Mineral forest, 

USA 

23 Spodozol, 

igneous 

intrusive 

material 

T. heterophylla,  

Vaccinium spp. 

  
5.3–10.1 

(baseflow) 

10.3–12.3 

(Storm 

flow) 

 
2006, 

(2) 9–14 

Jul. 2007 

W30, 

USA 

49-

340  

Ultisols, 74% forest 1,215 
 

1.0±0.7 
 

summer,19

98 – fall, 

2002 

Molinero 

et al. 

(2009) 

W47, 

USA 

49-

340  

Ultisols 74.5% forest 1,215 
 

0.8±0.4 
 

W71, 

USA 

49-

340  

Ultisols 77% forest 1,215 
 

1.2±1.1 
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Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Johzankei 

Experimental 

Watershed, 

Japan 

2.0 Quartz 

porphyry, 

no 

calcareous 

materials 

Mixed deciduous 

and coniferous 

forest 

1,249 2.1 3.6 2.3 Dec.1995– 

Nov. 

1996 

Sakamoto 

et al. 

(1999) 

1st-order 

subwatershed 

in Tennessee 

Valley, 

USA 

3.9 

Typic 

Haplustolls 

Coastal prairie 

vegetative 

community 

1,150  5.4±0.3 

 2004 Sanderman 

et al.  

(2009) 

       
   



39 

 

Location Area 

(ha) 

Soil or  

rock types 

Land use or plants 

species 

PPT 

(mm) 

[DIC] [DOC] [POC] Year Reference 

Hubbard 

Brook  

(Bear Brook), 

USA 

 Spodosols    3.1  1978–1979 McDowell 

et al.  

(1988) 

Hubbard 

Brook (W6), 

USA 

13.2  Spruce–fir–birch 

(20%) 

hardwood (80%) 

1,400  2.1  

(growing 

season) 

1.9  

(non-

growing 

season) 

 1992–2003 Dittman et 

al. (2007) 
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4.1.2. Change of stream carbon concentrations during storm 

events 

There was no significant relationship between [DIC] and daily PPT in the 

BW on a weekly basis sampling (R2=0.04, p = 0.12) (Figure 4a), whereas [DIC] 

significantly decreased during storm events (R2=0.12, p=0.02) (Figure 4d). Dilution 

effects of [DIC] were conspicuous during storm events with high PPT (> 100 mm), 

such as Storm 3, Storm 7, and Storm 8.  

The [DOC] increased as the PPT increased for weekly samples as well as in 

storms (R2: 0.05–0.06, p: 0.00–0.09) (Figure 4b and 4e), which might be due to labile 

allochthonous OM inputs from surface soil and plants, erosion of soil, and 

resuspended sediments during rainfall events (Jeong et al., 2012; Jung et al., 2012). 

Clockwise hysteresis between [DOC] and relative water depth (RWD = instant water 

depth – baseflow water depth) was observed during storms (Figure A3b), which 

suggested that OM was mobilized quickly from shallow soils at the beginning of 

hydrological events, and became limited during continuous storms. 

The [POC] had no significant relationships with daily PPT when weekly 

collected samples were used for the analysis (Figure 4c), and was not related with the 

PPT per sampling intervals during storms (Figure 4f). The [POC] was below detection 

limit in general over the study period, and measurable only during storms. An outlier 

of 19.1 mg L-1 of POC was measured during the first rainfall event of Storm 7, which 

was >40 times the average [POC]. The [POC] increases with increasing PPT intensity 
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(Hope et al., 1994; Jeong et al., 2012; Jung et al., 2014), however; there was no 

significant relationship between [POC] and PPT intensity in BW (Figure 5). 

 

Figure 4. Relationships between daily PPT and (a) [DIC], (b) [DOC], and (c) [POC] 

of weekly collected samples during May 2012 –April 2015, and between PPT per 

sampling interval (2 – 24 hrs) and (d) [DIC], (e) [DOC], and (f) [POC] during eight 

storm events. Abnormal data with high [POC] of 19 mg L-1 on 7 July 2013 was 

excluded from the analysis. 
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Figure 5. Relationships between PPT intensity and (a) [DIC], (b) [DOC], and (c) 

[POC] during eight storm events during May 2012 – April 2015. Abnormal data with 

high [POC] of 19 mg L-1 on 7 July 2013 was excluded. 

   

4.2. Sources of stream organic carbon 

There was a significant negative correlation between δ13CDOC and ∆14CDOC 

(R2=0.32, p-value<0.05) (Figure 3). The δ13CDOC was the highest and ∆14CDOC was 

the lowest in winter, except in 2013, and conversely δ13CDOC decreased and ∆14CDOC 

increased in summer. The seasonal variation of carbon isotopes of DOC of BW stream, 

especially δ13CDOC, was greater than that of the other streams and rivers of the world 

(Figure 6), suggesting that the dominant sources of DOC in BW can quickly change 

depending on season. 
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Figure 6. The δ13CDOC and ∆14CDOC of (a) rivers and streams of the world and the BW 

stream, and (b) the other forested streams and the BW stream. Open grey circles are 

from Marwick et al. (2015) and Qu et al. (2017). 

 

The δ13CDOC decreased to -26.0‰ in summer, which was similar to δ13CSOC 

of -25.8‰ at 0–10 cm soils collected within the watershed (Table 5). The ∆14CDOC in 

summer and storms was up to 70‰ higher than in winter (Figure 3), suggesting that 

relatively young OM derived from C3 plants can be a main source of stream DOC in 

summer, especially during storm events, like other forest streams or rivers in monsoon 

climate regions (Schiff et al., 1997; Wang et al., 2012; Martin et al., 2013; Lu et al., 

2014; Ishikawa et al., 2016). There was a difference in ∆14CDOC among stream water 

samples collected during storms (Table A1), which may be due to the difference in 

PPT intensities. The ∆14CDOC increased with increasing the amount of cumulated PPT 

in storms, although only three data points were available in this study (Figure A4). 
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Enriched ∆14CDOC due to fresh OM inputs from vegetation and surface soils 

has been reported in many studies on mountain watersheds (Schiff et al., 1990; Schiff 

et al., 1997; Neff et al., 2006; Lu et al., 2014). However, the ∆14CDOC of BW stream 

was lower than most of the other forest streams (Figure 6b), indicating that relatively 

old carbon can be also a main source of stream DOC in BW during baseflow. 

Similarly, old DOC (less than -50‰, which is the average ∆14CDOC of stream water in 

BW in the seasons except summer) was reported in the other two forest streams 

because of old OM input from deep soil layer and groundwater (Schiff et al., 1990; 

Schiff et al., 1997; Sanderman et al., 2009).  

Stream ∆14CDOC less than -100‰ was observed in a coastal forest watershed 

in USA due to old soil organic matter (SOM), and highly recalcitrant humified OM 

was dominant in deep soil solution with low ∆14CSOM and ∆14CDOC (Sanderman et al., 

2008; Sanderman et al., 2009). The ∆14CDOC of groundwater can be as low as -400‰ 

in other forest watersheds due to OC recycling in the soil layer during translocation 

(Schiff et al., 1990; Schiff et al., 1997). For example, the ∆14CDOC was observed to be 

-170‰ in the upper catchment of Harp Lake basin, Canada (Schiff et al., 1990; Schiff 

et al., 1997). There was a significant positive relationship between the ratio of [DOC] 

to [sum of base cations] and ∆14CDOC in BW (R2=0.31; p=0.05), suggesting that 

depleted ∆14CDOC in baseflow condition could be due to old OM from deep soils or 

groundwater (Barnes et al., 2018). The ∆14CDOC of groundwater of the BW ranged 

from -494.9‰ to -344.2‰ (Table 5), and the contribution of groundwater to annual 

stream flow in BW was estimated to be in the range of 26% to 75% (Combalicer et 
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al., 2008). The relatively low ∆14CDOC of the BW stream could be due to relatively 

high contribution of groundwater considering that the first-order streams could retain 

groundwater characteristics compared to higher-order streams (Johnson et al., 2008). 

Enriched δ13CDOC was observed in BW during dry seasons, increasing up to 

-13.4‰ in winter, except in 2013, which might be due to groundwater input 

considering that the δ13CDOC of groundwater in BW was -14.3‰ in October 2018 and 

-13.5‰ in March 2019. Annual mean [DOC] of groundwater was 0.2 mg L-1, which 

was about a fifth of [DOC] of stream water. The ratio of Na+ concentration ([Na+]) to 

Ca2+ concentration ([Ca2+]) of the groundwater was 6.4, which was 6 times higher 

than that of stream water (1.0). This suggests that groundwater might be diluted about 

five to six times in the stream. The δ13CDOC increased up to -13.4‰ in winter, which 

was similar to the δ13CDOC of groundwater. 

The OM derived from C4 plants can also increase δ13CDOC in streamwater in 

winter. If there are C4-derived OM in soils, high δ13CDOC and low ∆14CDOC of 

streamwater can be observed. However, δ13CSOC at 0–70 cm soil depth in BW was 

similar to the δ13C of C3 plants, and up to 12.4‰ lower than stream δ13CDOC in dry 

period (the seasons except summer) (Table 5), thus, SOC cannot be a main source of 

stream DOC in dry period. Sediments and freshwater plants in the BW stream also 

had lower δ13COC than stream δ13CDOC in non-summer seasons (Table 5). Groundwater 

could be a main contributor of enriched δ13CDOC in streamwater in BW through the 

year except summer. 
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There was no significant relationships between SUVA254 and ∆14CDOC 

(R2<0.10, p>0.09) (Figure 7a). A weak positive relationship between %C1 and 

∆14CDOC and a weak negative correlation between %C1 and δ13CDOC were observed, 

which was not statistically significant (R2=0.17–0.24, p-value: 0.11–0.19) (Figure 7b). 

Thus, stream carbon isotopes may not be related to aromatic and terrestrial humic 

substances, which are the main components of OM in mountain watersheds. Other 

components of DOM (%C2 and %C3) also had no significant correlation with 

δ13CDOC or ∆14CDOC (R2:0.01–0.13, p>0.1) (Figure 7c and 7d).  
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Figure 7. Relationships between ∆14CDOC and (a) SUVA254, (b) %C1, (c)%C2, and 

(d) %C3. 

 

The 14C-enriched and 13C-depleted stream DOC was observed in the winter 

of 2013 (Figure 3 and Table A1), which may be due to young OM inputs during high 

PPT in winter of 2013 than the other winters. Higher PPT (98 mm) was observed over 

a month (21 January – 19 February 2013) than the other winter months (a total of 32–

68 mm PPT over 3 months (November – February) during 2013–2015). 
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Table 5. The OC concentration, δ13C, and ∆14C of various OC sources in the BW. 

Sample OC (%) δ13C (‰) ∆14C (‰) 

Riparian soil OC – 10cm 3.1 -25.8  

                30cm 2.3 -24.8  

                50cm 1.6 -24.6  

                70cm 0.9 -24.7  

Sediment – Bukmoongol 3.4 -29.7  

Sediment – upper 

Bukmoongol 

2.9 -28.4  

Freshwater plants 

(Miscanthus sinensis var. 

purpurascens) 

41.2 -31.6  

Groundwater DOC 

October 2018 

0.16* -14.3 -344.2 

    March 2019 0.13* -13.5 -494.9 

* [DOC]: mg L-1 

Stream δ13CPOC in summer and storm ranged from -27.1‰ to -26.6‰ which 

was similar to δ13COC of 0–30 cm depth soils in BW where C3 plants (Cryptomeria 

japonica, Carpinus laxiflora, and Pinus koraiensis) were dominant. The ∆14CPOC was 

modern in a storm event (Table A1), suggesting that stream POC were resulted from 

allochthonous OM inputs during increasing Q in summer. 
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5. Conclusions and Implications 

The DIC, DOC, and POC concentrations and properties were analyzed 

during 2012–2015 in a small forest stream in South Korea. The DIC accounted for 

about 73% of stream carbon load in 2012, and about 81% of TC was released in the 

form of DIC based on concentration during 2012–2015. More than half of annual TC 

load was released in summer. The [DIC] decreased and [DOC] and [POC] increased 

during storm events. The δ13CDOC ranged from -28.0‰ to -13.4‰, and ∆14CDOC 

ranged from -81.8‰ to 45.5‰. Relatively old DOC (mean ∆14CDOC of -44.6‰) was 

released from the BW during 2012–2015 except storm periods. There was seasonal 

variation of dual carbon isotopes of the stream DOC. Low δ13CDOC and high ∆14CDOC 

was observed in spring and summer; and δ13CDOC increased and ∆14CDOC decreased in 

fall and winter. Recently photosynthesized C3 plant-derived OM can be a main source 

of stream DOC during storms, whereas groundwater can be a dominant source of 

stream DOC over non-summer seasons. This suggests that the change of hydrological 

path by rainfall can be a major factor affecting stream carbon concentration and 

biogeochemical characteristics. Under climate change, the amount of PPT and the 

number of days with heavy rainfall (>80 mm per day) are predicted to increase by 

16–18% and 30% in South Korea during the 21st century, respectively (KMA, 2012). 

Stream carbon loads can increase, and the source of stream OC can be shifted to 

young terrestrial OM, with increasing frequency of intense precipitation under 

climate change.  



 

50 

 

Appendix 

Table A1. Streamwater sample information and results for carbon isotopes analysis 

Sampling Date Season δ13C Δ14C Note 

2013-05-20 Spring -27.81 -24.80  

2013-07-03 Summer -27.80 -24.49 before Storm 7 

2013-11-26 Fall -23.69 -81.48  

2013-02-26 Winter -29.43 20.72  

2014-01 

2014-02 

Winter -13.42 -68.14 composite sample 

2014-05 Spring -25.85 -18.34 composite sample 

2014-08 Summer -18.40 -31.19 composite sample 

2014-11 Fall -18.22 -32.78 composite sample 

2015-02 Winter -14.63 -48.10 composite sample 

2015-04 Spring -21.79 -57.97 composite sample 

2015-11 Fall -27.91 -58.26 composite sample 

2013-07-03 Storm -27.98 -6.23 

the first peak of the three peaks in 

[DOC] during Storm 7 (Table 1) 

2013-07-07 Storm -28.03 -0.53 

the third peak of the three peaks in 

[DOC] during Storm 7 (Table 1) 

2013-08-02 Storm -27.85 45.54 

The highest [DOC]  during Storm 8 

(Typhoon NAKRI) (Table 1) 
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Figure A1. The three components of DOM, SUVA254, and [DOC] concentration of 

the forest stream for May. 2012–Apr. 2015. The grey bar is daily precipitation. 
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Figure A2. The three components of DOM, SUVA254, and [DOC] of the forest 

stream (a) during Storm 7 and (b) during Storm 8.
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Figure A3. Relationships between a) DIC, b) DOC, and c) POC concentrations and the relative water depth (RWD) during storm 

events (RWD = instant water depth – baseflow water depth).  
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Figure A4. A relationship between cumulated PPT during sampling intervals and 

∆14CDOC in storm events.  
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CHAPTER THREE 

Loads and Ages of Carbon from the Five Largest Rivers 

in South Korea under Asian Monsoon Climates 

 

 

1 Introduction 

Riverine carbon export is a key component of the global carbon cycle, 

connecting terrestrial and oceanic ecosystems. The three species of riverine carbon, 

i.e., dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and 

particulate organic carbon (POC) account for >80% of the total riverine carbon 

loads, and have been studied extensively (Ludwig et al., 1998; Meybeck, 2003; 

Huang et al., 2012). The number of studies on particulate inorganic carbon (PIC) is 

relatively small because physical transfer of PIC from lands to the oceans does not 

significantly alter carbon sinks or sources in the global carbon cycle (Meybeck, 

2003). Since riverine carbon species can influence the concentrations of pollutants 

by precipitation, adsorption, and complexation, the ratio among the carbon species 

can be directly linked with the fate of pollutants in rivers (Jaffé et al., 2004). The 
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ratio among the carbon species are regulated by a variety of biogeochemical 

reactions and processes such as photosynthesis, respiration, sedimentation, and CO2 

evasion (Meybeck, 1993; Raymond and Bauer, 2001; Raymond et al., 2013). 

Concentrations of DIC ([DIC]) in rivers are mainly controlled by carbonic 

acid weathering of soils and rocks of the corresponding watershed (Oh and 

Raymond, 2006; Shin et al., 2011b) while [DOC] and [POC] are determined by the 

dynamic changes of inputs and outputs of organic matter (OM). Inputs of OM 

include autochthonous production as well as allochthonous contributions from 

watersheds including soil organic matter (SOM), geologic deposits of organic 

materials (eg. coal and chert), and wastewater treatment plants (Aitkenhead and 

McDowell, 2000; Griffith et al., 2009; Wei et al., 2010), whereas outputs include 

burial of organic matter to the bottom of lakes and rivers (Tranvik et al., 2009), and 

respiration followed by CO2 evasion (Raymond et al., 2013). 

The concentrations and loads of riverine carbon are strongly dependent on 

precipitation (PPT) and watershed hydrology. Riverine carbon load is calculated by 

multiplying [carbon] and discharge (Q), thus, an increase in PPT can raise the 

riverine carbon load even though carbon concentrations are diluted (Raymond and 

Oh, 2007; Li and Bush, 2015). Consequently, riverine carbon export during summer 

monsoon can account for a large portion of annual carbon loads in Asia such that 

~40% of annual DOC and ~79% of annual POC were transported by the Huanghe 

river and the Yangtze river, respectively, to the Yellow Sea during only 2–3 

summer months in 2009 (Wang et al., 2012). Furthermore, anthropogenic impacts 
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by dams and reservoirs can change hydrology by controlling inflow and releases. 

The rivers that have many artificial dams and reservoirs differ from natural river 

systems in that they can have large seasonal variation of hydrological residence 

time (HRT) (Park et al., 2009) and possibly carbon loads. 

The increased PPT during summer monsoon can not only increase riverine 

carbon loads but also change the biogeochemical properties of river water by 

shifting the major sources of carbon (Wang et al., 2012). Dual carbon isotopes (13C 

and 14C) have been used to determine the sources of riverine carbon (Raymond and 

Bauer, 2001; Mayorga et al., 2005; Marwick et al., 2015). Whereas δ13C overlays in 

a relatively narrow range from about -40 to 0‰, Δ14C covers a wide range from -

1,000 to ~200‰ in rivers, and thus the dual carbon isotope analysis has merits to 

identify the sources of carbon compared to a single carbon isotope analysis (Butman 

et al., 2015; Marwick et al., 2015). Although studies have been conducted using the 

dual carbon isotope analysis for the major rivers of the world, the studies examined 

one or two species of carbon in general, typically DOC or POC (Butman et al., 

2015; Marwick et al., 2015), with less than 10% of the analyses conducted for all 

three species of carbon, i.e., DIC, DOC, and POC (Marwick et al., 2015). Dual 

carbon isotopes have been used for rivers in Asia including the Yellow River, the 

Changjiang River, the Mekong River, and rivers in Japan and Taiwan (Kao and Liu, 

1997; Alam et al., 2007; Wang et al., 2012; Martin et al., 2013; Wang et al., 2016). 

However, no rivers in Asia has been analyzed for all three species of carbon using 

dual carbon isotopes (Marwick et al., 2015). 



 

58 

 

Riverine carbon with the 14C ages of modern to >10,000 ybp (years before 

present) was reported worldwide, and the rivers in Asia also showed similar ranges 

in the 14C ages (Marwick et al., 2015). Rivers in Korea can share the characteristics 

of the rivers in Asia such as changing hydrology under monsoon climates and 

anthropogenic perturbations of natural systems by many dams and reservoirs. 

Although many studies have been conducted for streams and a few large river 

systems in Korea (Shin et al., 2011a; Kim et al., 2013; Lee et al., 2013; Shin et al., 

2015), there has been no study on the annual carbon loads and the 14C ages for the 

major river systems in the Republic of Korea (South Korea). Here we report 

estimates of annual riverine carbon loads (DIC, DOC, and POC) and dual carbon 

isotope results for the five largest river systems in South Korea for the first time, 

which will deepen our understanding on river biogeochemistry under Asian 

monsoon climates. 
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2 Methods 

2.1 Study sites 

Korea is under temperate monsoon climates, with mean annual 

temperature of 10–15oC (Korea meteorological administration: www.kma.go.kr). 

Annual mean PPT is between 1,000 mm and 1,900 mm and 50–60% of PPT falls 

during summer (June-August) for 1981-2010. The Han River (HR), the Geum River 

(GR), the Youngsan River (YR), the Sumjin River (SR), and the Nakdong River 

(NR) are the five largest rivers in South Korea, draining ~70% of land area (Figure 

1) and providing water for ~33 million people (Water management information 

system (WAMIS): www.wamis.go.kr). Precambrian gneisses and Mesozoic granites 

are dominant rock materials of the basins except NR and south HR basins (Chough 

et al., 2000). Mesozoic clastic sedimentary and volcanic rocks are distributed across 

NR basin, and Paleozoic carbonate and clastic sedimentary rocks in south HR basin 

(Shin et al., 2011b).  

The HR has the largest basin area where forest is the dominant land 

use/land cover (~75%), followed by agricultural land (14.6%) and urban area 

(3.2%) (Table 1). The GR and the YR flow to the Yellow Sea through croplands 

downstream. The proportion of agricultural land use is 25.9% and 31.8% in the GR 

and YR basins, respectively, the largest among the five river basins (Table 1). The 

proportion of urban land use is also the largest in the two river basins. The SR is the 
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second smallest river in terms of basin area or mainstream length and about 2/3 of 

the basin is covered by forest (Table 1). The NR is the longest river in South Korea 

and the water flow is the slowest (Lee et al., 2003).  

The mean slope of the five river basins ranged from 26.6 to 37.3% (Shin et 

al., 2016), and the proportion of wetland was less than 3% of total basin area (Table 

1). Due to the extreme range in flow conditions, anthopogenic structures including 

1,213 dams and ~18,000 reservoirs have been used to manage water resources (Park 

et al., 2005; http://www.kwater.or.kr). Thus, the water chemistry and discharge of 

the river systems reflect not only natural but also anthropogenic settings within the 

basins. 
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Table 1. Sampling locations and characteristics of the five river basins. Basin area and the land use/land cover of each river basin 

was calculated using data downloaded from WAMIS and the Ministry of Environment of South Korea.  

River Sampling location 

Mainstream 

length 

(km) 

Basin area 

(km2) 

Slope 

(%) 

Forest 

(%) 

Agriculture 

(%) 

Urban 

(%) 

Wetland 

(%) 

Han River (HR) 127.11°E 37.54°N 483 2.42 x 104  37.3 75.2  14.6  3.2  1.8 

Geum River (GR) 127.01°E 36.15°N 388 9.38 x 103 29.6 61.0  25.9  6.0  2.5 

Youngsan River (YR) 126.71°E 36.00°N 135 2.15 x 103 26.6 51.6  31.8  8.8  2.6 

Sumjin River (SR) 127.62°E 35.19°N 222 4.34 x 103 33.7 67.7  22.9  2.7  2.6 

Nakdong River (NR) 128.52°E 35.39°N 511 2.07 x 104 32.9 68.0  22.6  4.2  1.6 
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Figure 1. Sampling locations (green dots) and discharge gauging stations (red 

triangles) of the five largest rivers in South Korea. The blue lines are rivers and 

green polygons are boundaries of the river basins. 

 

2.2 Chemical properties and loads of riverine carbon 

Water samples were collected on seasonal basis from February, 2012 to 

November, 2013 at the middle of the bridge that is located on the lower reach of the 

five rivers to prevent the influence of tidal seawater (Figure 1). 10–11 of water 

sampling was conducted in each river, water samples were filtered in a field using 
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pre-combusted Whatman GF/F glass fiber filter of 0.7 μm pore size during Feb.– 

May in 2012 and were transported to the laboratory on ice, and were filtered within 

two days in Jul.2012 – Nov.2013. About 300 mL of filtered water was refrigerated 

below 4oC after 100 μL of saturated HgCl2 was added to prevent microbial 

respiration in pre-combusted BOD bottle for Δ14CDIC analysis. About 1 L of filtered 

water was transferred to a polycarbonate bottle and was frozen for Δ14CDOC, and the 

residue on filter was frozen for Δ14CPOC analysis. 

Alkalinity was determined by ion balance using concentrations of cations 

(Na+, NH4
+, K+, Mg2+, Ca2+) and anions (Cl-, NO2

-, NO3
-, PO4

3-, SO4
2-). Major ions 

of the filtered water samples were quantified by Dionex ICS-1600 ion 

chromatography (Dionex, Sunnyvale, CA, USA). Water pH and temperature were 

measured before filtering in a field, and also measured in laboratory for filtered 

samples using Metrohm 827 pH meter (Metrohm AG., Herisau, Switzerland). 

Riverine [DIC] was calculated from the filtered water pH and alkalinity using 

CO2SYS program (CO2SYS Version.2.1, http://cdiac.ess-dive.lbl.gov/ftp/co2sys/). 

Riverine [DOC] was analyzed using Shimadzu TOC-VCPH (Shimadzu Corporation, 

Japan) for filtered samples. Before POC analysis, each filter was fumigated using 

concentrated HCl vapor for ~6 hours, and dried at 80oC for ~24 hours (Hedges and 

Stern, 1984; Komada et al., 2008). [POC] was measured by Shimadzu SSM-5000A 

(Shimadzu Corporation, Japan). 

The LOADEST (load estimator) program by US Geological Survey 

(Runkel et al., 2004) was used to quantify riverine carbon loads which used a 
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relationship between intermittently measured loads (= concentration x Q) and 

continuously measured daily Q. The daily Q data for each site or the nearest 

gauging station were downloaded from WAMIS for 2012–2013. A log-linear 

relationship between loads and Q was used to estimate daily DIC, DOC, and POC 

loads that were summed to estimate annual carbon loads in 2012–2013 (model 1 of 

LOADEST). The calculated POC load bias exceeded -25% after a typhoon hit in the 

NR in 2012, and thus the POC load was estimated by the LOADEST (model 1) for 

the two separate periods, the period of high Q (> mean + 3 standard deviation) and 

the period of normal Q to prevent overestimation. A total of 11 days of the NR was 

categorized as the high Q period (Q > 0.16 km3 day-1). The POC loads of the two 

periods were combined to provide the annual POC load. 

 

2.3 Dual carbon isotope analysis 

Dual carbon isotope (14C and 13C) analysis was conducted for river water 

samples collected seasonally in 2013. For 14C-DIC analysis, filtered water samples 

were acidified using 40% H3PO4 solution to convert DIC to CO2, then the released 

CO2 was extracted cryogenically in a vacuum line and sealed in a pre-baked pyrex 

tube (Raymond and Bauer, 2001). For 14C-DOC analysis, each filtered water sample 

was also acidified with 40% H3PO4 solution and sparged with helium gas to remove 

DIC. Then, the sample was oxidized with ultrahigh purity O2 gas using UV lamp for 

4 hours (Raymond and Bauer, 2001). The oxidized CO2 was purified cryogenically 
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in a vacuum line and sealed in a combusted pyrex tube. For 14C-POC analysis, each 

filter was fumigated with concentrated HCl vapor, dried, sealed in a pre-burned 

quartz tube with CuO and a few strands of silver, and oxidized at 850oC (Druffel et 

al., 1992). The generated CO2 from this step was collected in a pre-combusted 

pyrex tube in the same manner as DIC and DOC.  

Dual carbon isotopes (δ13C and Δ14C) were measured at the NOSAMS 

(national ocean sciences accelerator mass spectrometry) facility at the Woods Hole 

Oceanographic Institution (http://www.whoi.edu/nosams/) in US. The CO2 

samples in the sealed pyrex tubes were converted to graphite targets for 14C 

measurement. The 14C pre-treatment and analysis are explained in detail in a review 

(Raymond and Bauer, 2001). The dual carbon isotope analyses for DIC and DOC 

were conducted for the water samples collected over the four seasons while the 

analysis for POC for summer and winter only. 
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3 Results 

3.1 Loads and yields of riverine carbon 

Annual mean [DIC], [DOC], and [POC] of the five rivers ranged from 7.1 

to 14.1 mg L-1, 1.4 to 3.7 mg L-1, and 0.5 to 2.4 mg L-1, respectively, that were 

comparable with the results of previous studies on some of the rivers (Lee et al., 

2007; Shin et al., 2011a; Shin et al., 2011b; Kim et al., 2013; Shin et al., 2015). 

Annual flow-weighted mean DIC, DOC, and POC concentrations ([DIC]f, [DOC]f, 

and [POC]f, respectively) ranged from 5.2 to 11.2 mg L-1, 1.4 to 3.6 mg L-1, and 0.5 

to 3.0 mg L-1, respectively. The lower [DIC]f than [DIC] was due to the negative 

correlation between [DIC] and river discharge (Q), suggesting that DIC was diluted 

by increased Q although [DIC] was higher than what dilution accounted for. In 

contrast, [DOC] was not dependent on Q (p>0.05) and [POC] increased as Q 

increased, resulting in the similar or slightly higher flow weighted mean 

concentrations than the simple averages.  

A total of 601.1 and 560.1 Gg-C yr-1 of riverine carbon were transported 

by the five rivers in 2012 and 2013, corresponding to the carbon yields (i.e., riverine 

carbon loads/basin area) of 10.3 and 9.6 g-C m-2 yr-1, respectively (Table 2). The 

YR showed the largest riverine carbon yields of 17.1 g-C m-2 yr-1 and the SR the 

lowest carbon yields of 4.7 g-C m-2 yr-1 (Table 2). DIC was the dominant form of 
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riverine carbon, accounting for 80% of the total carbon loads with ~14% by DOC 

and ~6% by POC in the five rivers.  

The annual PPT was 1,479 and 1,163 mm in 2012 and 2013, respectively, 

which corresponds to 113% and 89% of the mean PPT for the years 1981–2010, 

respectively. About 36–51% of annual PPT rained during summer. The riverine 

carbon yields of the basins ranged from 2.4 to 6.2 g-C m-2 season-1 during summer 

which corresponds to 34–46% of the annual carbon yields including DIC, DOC, and 

POC. The contribution of summer carbon yields to the annual carbon yields were 

34–45% for DIC, 37–50 % for DOC, and 33–48% for POC (Figure 2). 
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Table 2. Annual flow-weighted mean concentrations, loads, and yields of the riverine carbon from the five basins during 2012-2013. 

 

a TC (total carbon): DIC, DOC, and POC combined (PIC was excluded) 
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Figure 2. Seasonal mean (a) DIC (b) DOC, and (c) POC yields of the five river basins in 2012 and 2013 (spring: March–May, 

summer: June–August, fall: September–November, and winter: December–February). 



 

70 

 

 

3.2 δ 13C and Δ14C of the five rivers 

The δ13CDIC of the five rivers ranged from -14.4 to -4.3‰, with the most 

depleted δ13CDIC in the YR and the most enriched in the HR (Figure 3a). The δ13CDIC 

of each river was the lowest in summer (Figure 3a). Flow-weighted mean δ13CDIC 

(δ13CDIC, f) of the YR was the lowest (-12.1‰), followed by the SR (-11.6‰), the 

NR (-10.2‰), the HR (-9.4‰), and the GR (-9.0‰). The Δ14CDIC of the five rivers 

ranged from -89 to 27‰ (Figure 3a) which corresponded to the 14C ages of 685 ybp 

to modern, respectively. In contrast to δ13CDIC, the Δ14CDIC was the highest in 

summer resulting in a negative correlation between δ13CDIC and the Δ14CDIC (Figure 

3a). The most depleted Δ14CDIC was observed in the HR and the most enriched in the 

SR. The flow-weighted mean Δ14CDIC (Δ14CDIC, f) was the highest in the SR 

(15.8‰), followed by the YR (-22.1‰), the GR (-30.1‰), the NR (-44.6‰), and 

the HR (-55.7‰) in 2013.  

The riverine δ13CDOC ranged from -27.7 to -21.9‰, and depleted δ13CDOC 

was observed in summer (Figure 3b). Flow-weighted mean δ13CDOC (δ13CDOC, f) of 

the NR was the highest (-19.6‰), followed by the SR (-22.7‰), the YR (-26.5‰), 

the HR (-27.0‰), and the GR (-27.2‰). The Δ14CDOC ranged from -124.3 to 0.8‰ 

which corresponded to the 14C ages of 1,000 ybp to modern, respectively (Figure 

3b). The lowest Δ14CDOC was observed in the GR and the NR, and the highest in the 

HR and the SR. The most enriched Δ14CDOC in each river was observed in summer 
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(Figure 3b). Flow-weighted mean Δ14CDOC (Δ14CDOC, f) of GR was the lowest (-

100.1‰), followed by the NR (-63.2‰), the YR (-56.3‰), the SR (-22.3‰), and 

the HR (-20.2‰). 

The δ13CPOC ranged from -29.9 to -21.2‰ (Figure 3c). The Δ14CPOC was 

higher in summer than winter, ranging from -125.5 to 35.1‰ which corresponded to 

the 14C ages of 1,020 ybp to modern, respectively (Figure 3c). Despite of the oldest 

POC in the HR in summer, relatively young POC was released during summer in 

general (Figure 3c). 
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Figure 3.  Relationships between δ13C and Δ14C of (a) DIC, (b) DOC, and (c) POC in the five largest rivers in South Korea during 

2013. The dashed lines are linear regression lines. The analysis for DIC, and DOC were conducted for the water samples collected 

over the four seasons while the analysis for POC for summer and winter only. The winter HR sample for Δ14CPOC was lost during 

the analysis, unfortunately.
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4 Discussion 

4.1 Concentrations, loads, and yields of riverine carbon 

The mean [DIC]f of the five rivers in South Korea was 7.4 mg L-1 which 

was comparable with the global average [DIC]f of the 35 major rivers, 8.6 mg L-1 

(Ludwig et al., 1998; Huang et al., 2012). However, the DIC yields of the five river 

basins ranged from 3.4 to 11.7 g-C m-2 yr-1 with the mean of 7.9 g-C m-2 yr-1 which 

were higher than the mean DIC yield of the 60 major global river basins, 2.6 g-C m-

2 yr-1 (Gaillardet et al., 1999; Huang et al., 2012). 

Lithology is one of the strongest factors that can influence riverine [DIC] 

and possibly also DIC yield of a basin. For example, a large annual DIC yield of 

38.3 g-C m-2 yr-1 was observed in a carbonate dominant catchment of the South HR 

(Shin et al., 2011a), one of the two major tributaries of the HR, which suggests that 

carbonate bedrocks can raise the DIC yield of the HR basin downstream. However, 

the dominant bedrock composition across these river basins includes granites and 

granitic gneiss (Chough et al., 2000), suggesting that factors other than lithology 

can raise the DIC yield of the basins. 

The DIC yield of a watershed can be boosted by increased PPT and 

subsequently Q because weathering products stored in a watershed can be released 

by increased water flow despite a decrease in [DIC] due to dilution (Li and Bush, 

2015). About 38% of annual DIC was released from the five river basins during 

summer while only ~16% in winter (Figure 2a). In contrast to many other temperate 
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systems where temperature and biological activities peak in low flow season, the 

high flow period here occurs during the summer, releasing the increased weathering 

products (HCO3
-) due to enhanced biological activities. 

Annual water yields (i.e., annual Q/basin area) of the five river basins 

ranged 0.5–1.0 m yr-1, two to four times larger than the global mean water yield of 

0.25 m yr-1 (Global Runoff Data Center; http://www.bafg.de/GRDC/). The ratio 

of DIC yield of each river basin to the global mean DIC yield ranged from 2.1 to 

4.0, which was close to that of water yield ranging from 2.3 to 4.3, suggesting that 

the difference of DIC yields among the five river basins can be mainly explained by 

the hydrological difference. Since the annual PPT of 2012 and 2013 were 1,479 and 

1,163 mm, which was 13% larger and 11% lower than the 30-year (1981–2010) 

mean annual PPT of 1,307 mm, respectively, the estimated DIC yields may be close 

to the DIC yield over a long term not overestimating or underestimating it.  

The [DOC] of the five rivers were relatively low (1.1–5.5 mg L-1) 

compared to that of the 48 global major rivers which ranged from 0.3 to 70.8 mg L-

1(Marwick et al., 2015). The mean [DOC]f of the five rivers was 2.0 mg L-1 which 

was also lower than that of the global mean of 118 rivers, 5.3 mg L-1 (Dai et al., 

2012). However, the DOC yield was similar to the global average DOC yield of 

~1.4 g-C m-2 yr-1 due to high water yields of the five river basins (Ludwig et al., 

1996; Huang et al., 2012).  

Considering that riverine [DOC] can increase as OC (organic carbon) 

content or C:N ratio of a watershed increases and that [DOC] can be positively 
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correlated with the proportion of wetlands in a watershed (Aitkenhead and 

McDowell, 2000; Alvarez-Cobelas et al., 2012), it is not surprising to find low 

[DOC] in the five rivers in South Korea because the area covered by wetland is 

<1%, and because >80% of land area is mapped as entisols or inceptisols with low 

OM content (Jeong et al., 2003). Furthermore, areas with slope ≥30% cover 30–

60% of the five river basins (Ji et al., 2012), which can reduce the contact time 

between water and SOM, and thus possibly reducing riverine [DOC]. 

Riverine DOC load was also mainly controlled by riverine discharge such 

that ~43% of annual DOC load was released during summer while only ~13% in 

winter (Figure 2b). Other river systems in Asia demonstrated that ~40–90% of 

annual DOC load was transported during summer monsoon period, indicating the 

strong role of hydrology on riverine DOC loads under monsoon climates (Bird et 

al., 2008; Wang et al., 2012).  

The [POC] was relatively low (0.5–2.4 mg L-1) in the five rivers compared 

to that of the 36 major global rivers which ranged from ~0.1 to 242 mg L-1 

(Marwick et al., 2015). The mean [POC]f of the five rivers was 1.0 mg L-1 which 

was lower than that of the 35 major rivers, 4.5 mg L-1 (Huang et al., 2012). In 

addition, the POC yields during summer in the five river basins were about 2–10 

times lower than the mean POC yield (1.3 g-C m-2 yr-1) of 32 major rivers despite 

the high water yield of the five rivers (Ludwig et al., 1996; Huang et al., 2012) 

(Figure 2). 
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Dams and reservoirs can increase mean HRT, allowing particles to be 

settled down and trapped within the reservoir, thus [POC] and subsequently POC 

yields can decrease. Many dams and reservoirs have been used to manage water 

resources especially since 1960s (Kim et al., 2001; http://www.kwater.or.kr), 

which could decrease [POC] of the dam effluent. For example, the [POC] of the 

Paldang Reservoir which is the major reservoir for water supply for Seoul, was less 

than a quarter of [POC] of the inlet water (Kim et al., 2014), and [POC] in outflow 

were lower than that of inflow of other two large dams with 1km3 yr-1 of reservoir 

capacity in the HR, and refractory [POC] decreased in effluent probably due to 

sedimentation (Shin et al., 2013), suggesting that the POC yield at the lower reach 

of the river can decrease as the river passes through many dams and reservoirs. 
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4.2 δ 13C and Δ 14C of riverine carbon 

4.2.1 DIC 

The mean of δ13CDIC of the five rivers was -9.6‰ which was higher than 

the global mean δ13CDIC of -12.5‰ (p-value < 0.05), and the mean of Δ14CDIC of the 

five rivers was -33‰ which was comparable with the global mean Δ14CDIC of -32‰ 

(Figure 4a, Marwick et al., 2015). While δ13CDIC ranged from -14.4 to -11.4‰ 

during summer across the five rivers that of the other seasons ranged from -10.1 to -

4.3‰ (Figure 3a). This suggests that the relative contribution of respiration to 

riverine DIC increases in summer while that of carbonate weathering increases in 

the other seasons considering that carbonate weathering can raise the δ13C of river 

water (Figure 3a). CO2 exchange between atmosphere and the river can be one of 

DIC sources. However, Δ14CDIC was depleted in dry seasons, air-water CO2 

exchange cannot mainly influence on DIC of the five rivers of South Korea. 

The shift of major sources of riverine DIC in summer is also reflected by 

the highest Δ14CDIC (Figure 3a) because respiration of biota can produce relatively 

modern Δ14CDIC. In contrast, weathering of sedimentary rocks including carbonates 

can significantly lower the Δ14CDIC because there is no detectable 14C in old 

(>60,000 years) rocks. Although pedogenic carbonates can contain modern 14C, 

they tend to be formed in dry environment where annual PPT is lower than 500 mm 

yr-1 (Zamanian et al., 2016), the annual PPT of South Korea is ~1300 mm yr-1, and 
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thus, contribution of pedogenic carbonates to riverine DIC is unlikely. The Δ14CDIC 

was the lowest in the HR, which could be due to weathering of sedimentary 

carbonates within the HR basin. 

Urban land-use can lower riverine Δ14CDIC by wastewater effluent or 

dissolution of building and road materials containing carbonates (Zeng and 

Masiello, 2010; Zeng et al., 2011; Hossler and Bauer, 2013). Annual median 

dilution factor (=sewage Q/riverine Q) ranged from 0 to 1226 over the world, South 

Korea had ~40 of annual median dilution factor, thus, the effects of wastewater 

effluent on riverine carbon of South Korea can be higher than the other global rivers 

(Keller et al., 2014). Agricultural practices such as liming (e.g., application of 

crushed carbonates) which is needed to optimize soil pH for crops (Oh and 

Raymond, 2006) can also potentially reduce riverine Δ14CDIC. The largest proportion 

of urban and agricultural land use was observed in the YR and GR (Table 1). Thus, 

Δ14CDIC can be also low in the YR and GR although the lowest Δ14CDIC was 

observed in the HR (Figure 3) indicating the strong role of lithology of the basin.
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Figure 4. Dual carbon isotope values of (a) DIC, (b) DOC, and (c) POC in global major rivers and Korean rivers. Grey open circles 

are from Marwick et al. (2015) and colored symbols are from this study.
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4.2.2 DOC  

The mean δ13CDOC of the five rivers was -25.8‰ which was close to the 

mean of 60 world rivers (-26.9‰) whereas the mean Δ14CDOC of the five rivers was 

-60.3‰ which was significantly depleted than the mean of 70 world rivers, 22.5‰ 

(p<0.05) (Figure 4b). The depleted Δ14CDOC could be due to the release of aged soil 

DOC in deep soil horizons or groundwater DOC during base flow (Barnes et al., 

2018). However, the soils are mapped as entisols or inceptisols with relatively 

shallow depth, suggesting that there could be other sources of old DOC in the 

rivers.  

The low Δ14CDOC can be due to petrochemical products processed in 

wastewater treatment plant (WWTP) or applied in agricultural fields (Griffith et al., 

2009; Sickman et al., 2010; Butman et al., 2012). For example, the average 14C ages 

of WWTP effluent DOC can be as low as 2,650 ybp in the Hudson River and the 

Connecticut River (Griffith et al., 2009) which corresponds to Δ14CDOC of -187‰. 

Similarly, Δ14CDOC of -254‰ was reported from drainage of agricultural fields 

(Sickman et al., 2010), suggesting that urban and agricultural land use can lower the 

riverine Δ14CDOC. This may explain the depleted Δ14CDOC in the GR and the YR 

(Figure 3) where the proportion of agricultural and urban areas are the largest 

among the five river basins (Table 1). 
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The WWTP effluent accounted for 4–49% of river discharge in the four 

rivers (the HR, the GR, the YR, and the NR) during the low flow period (Jan.–May, 

& Oct.–Dec.) in 2004–2008 (Moon et al., 2010). The proportion increased up to 

83–100% in the HR, GR, and YR when the discharge was the lowest (Moon et al., 

2010). The mean [DOC] of effluents from 110 WWTPs located over South Korea 

was 5.3 mg L-1 in 2014–2015 (Jeong et al., 2016), which was larger than mean 

[DOC]f of the five rivers (2.0 mg L-1), thus, WWTP effluent could be a main source 

of old DOC in the five rivers of South Korea when the river flow is relatively low. 

 

 

4.2.3 POC  

Since the number of measurements on Δ14CPOC is only about a half of 

Δ14CDOC, the isotope results should be interpreted with caution. Nonetheless, the 

Δ14CPOC ranged from -125.5‰ to 35.1‰ in the five rivers with the mean of -46‰, 

which was significantly higher than that of 64 major world rivers of -204‰ (p < 

0.05), suggesting that relatively young POC is released from the five rivers (Figure 

4c; Marwick et al., 2015). The riverine δ13CPOC and Δ14CPOC of summer was higher 

than winter in most rivers, and Δ14CPOC increased significantly with [POC] across 

the five rivers (R2 = 0.60, p-value = 0.02; except the SR in winter), possibly due to 
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increased allochthonous OC inputs by high PPT during summer (Kwon et al., 2002; 

Kim et al., 2013; Lee et al., 2013).  

Autochthonous OM inputs such as plankton- or algae-derived OM could 

also be a major source of young POC in the rivers, which could be increased by 

inputs of TN (total N) and TP (total P) released from WWTPs. High [TN] and [TP], 

2.6–34.5 mg L-1 and 0.1–0.7 mg L-1, respectively, were observed in the effluents of 

the four different types of WWTPs (Cho et al., 2014), which suggests that plankton 

or algal growth could be facilitated by nutrient supply from WWTP effluents as 

well as by long HRT due to many dams and reservoirs in the rivers except summer 

high rainfall period.  

In general, riverine Δ14CDOC tends to be higher than Δ14CPOC in world rivers 

because solubilized DOC in soils tends to be younger than the POC from which it is 

derived (O'Brien, 1986; Trumbore et al., 1992; Raymond and Bauer, 2001; 

Marwick et al., 2015). Furthermore, higher Δ14CDOC than Δ14CPOC can be observed if 

POC undergoes deposition/resuspension in river systems whereas DOC quickly 

exits through the rivers (Raymond and Bauer, 2001; Marwick et al., 2015). 

However, Δ14CDOC was lower than Δ14CPOC in the five rivers during winter (Figure 

5) possibly due to the increased contribution of DOC from WWTP or agricultural 

petrochemicals to the rivers, whereas POC inputs from WWTP is minor (Kwon et 

al., 2002; Lee et al., 2013; Kim et al., 2014).  
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Figure 5. The relationship between Δ14C-DOC and Δ14C-POC in the five largest 

rivers of South Korea. The dashed line is 1: 1 line. 
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5 Conclusions 

A total of ~581 Gg yr-1 of riverine carbon (DIC, DOC, and POC combined) 

was released by the five largest rivers in South Korea during 2012–2013, with 80% 

of it in the form of DIC. About 34–46% of total carbon was discharged throughout 

the rivers during summer, demonstrating the role of monsoons on riverine carbon 

loads. The 14C ages of the riverine carbon varied from modern to 1,020 ybp, with 

higher Δ14CDIC, Δ14CDOC, and Δ14CPOC in summer than the other seasons across the 

five rivers, indicating the shift of the carbon sources. The riverine Δ14CDIC
 was 

mainly controlled by natural factors such as weathering of soils and rocks within a 

basin, while Δ14CDOC and Δ14CPOC could have been influenced by anthropogenic 

factors such as dams and WWTPs in South Korea, in particular during low flow 

season. If the frequency and intensity of precipitation increases with climate change, 

the seasonal changes of riverine carbon sources could be amplified. This would 

result in higher riverine carbon loads from the five major rivers, leading to more 

CO2 exchange between atmosphere and oceans through mineralization process in 

estuaries. The impact that sudden increases of organic and inorganic carbon fluxes 

to estuarine and ocean environments in the context of the cycling of carbon is not 

yet known. 
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CHAPTER FOUR 

Riverine Carbon Exports in Asia 

 

1. Introduction 

 Asia is the largest continent with ~30% of global land area under a variety 

of climates from tropical to polar regions over a wide range of latitude and longitude. 

About 4.5 billion people, ~60% of world’s population live in Asia with the highest 

population density among the continents. And thus, the pressure on environment such 

as urbanization and dam construction has increased which is coupled with rapid 

economic growth (Zarfl et al., 2015; Maavara et al., 2017). Subsequently, terrestrial 

ecosystem and hydrological cycle can be altered by anthropogenic impacts, affecting 

riverine carbon loads (Sun et al., 2010; Xia and Zhang, 2011).  

A total of ~1.0 Pg-C yr-1 is released from the rivers to the ocean globally, 

and organic carbon (OC: DOC and POC combined) is estimated to be 0.33–0.46 Pg-

C yr-1 based on studies since 1990 (Table 1). The annual total carbon (TC: DIC, DOC, 

POC, and PIC combined) load through rivers in Asia accounts for 32–51% of global 

TC load (Table 1), even though the Asian land area covers ~30% of the global land 

area (Table 1). Annually 42% of global riverine OC is released from the rivers in Asia 
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because of high Q and peat soils with high organic carbon content in Southeast Asia 

(Schlünz and Schneider, 2000; Huang et al., 2012). Dissolved inorganic carbon (DIC) 

load from the rivers of Asia at low latitudes, between 30oS and 30oN, accounts for 53% 

of global DIC loads at the same latitudes due to wide areas covered by carbonates 

(Huang et al., 2012). The TC yield of the river basins in Southeast Asia is 9.5 g-C m-

2 yr-1, which is more than two times of the global mean of 4.1 g-C m-2 yr-1 (Battin et 

al., 2009; Aufdenkampe et al., 2011; Patra et al., 2013).  

Despite that Asia can have up to 50% of global riverine carbon loads 

(Ludwig et al., 1996; Cole et al., 2007; Cai, 2011; Alvarez-Cobelas et al., 2012), data 

from the Asian rivers were not included or data measured in fewer rivers than in other 

continents were used in studies to estimate global riverine carbon loads. For example, 

Schlesinger and Melack (1981) estimated global TOC load of 0.37 Pg-C yr-1 using 

logarithmic regression between TOC load and Q of 12 major rivers of the world, 

however; the analysis did not include any river in Asia (Schlesinger and Melack, 

1981). Since then, many studies have been conducted to estimate global riverine 

carbon loads, only less than 30 rivers in Asia were included among ~150 major rivers 

which were used to estimate the global riverine carbon load in most studies (Table 1). 

Data on concentrations and loads of riverine carbon in Asia are scattered and not well 

organized, thus, a synthesis on riverine carbon loads with new, updated data reflecting 

the inherent environmental characteristics in Asia is needed. 

Studies estimating the riverine carbon loads in Asia have been conducted 
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mostly focused on OC and used measured data with low sampling frequency in a year. 

First, less than 20 studies have been conducted on concentrations or loads of inorganic 

carbon (IC: DIC and PIC combined) where PIC was mostly excluded. In contrast, 

there have been more than 100 studies on riverine OC loads in Asia since 1975. 

Furthermore, it is erroneous to estimate riverine carbon loads based on data collected 

with low sampling frequency (less than seasonally) only from a part of a year, dry or 

wet seasons, because there is a large seasonal variation in precipitation and riverine 

discharge (Q) under monsoon climates. For example, annual POC load estimates of 

the Godavari River in India ranged 756Gg-C yr-1 to 2,810Gg-C yr-1 because only 2–

3 measured data in less than year were used to calculate annual loads (Gupta et al., 

1997; Balakrishna and Probst, 2005). Thus, new estimates on riverine carbon loads 

in Asia are needed. 

The objectives of this study are to provide improved riverine carbon load 

estimates in Asia and to quantitatively understand the major factors affecting them. 

To understand the spatial characteristics of carbon loads, carbon yield maps of Asian 

rivers are created using database including newly added field data of every carbon 

species (DIC, DOC, POC, and PIC) during wet and dry seasons. Correlations were 

investigated between riverine carbon loads and environmental factors such as climate, 

soil types, and land use land cover (LULC). The results of this study can help us 

understand spatiotemporal changes of riverine carbon loads in Asia.
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Table 1. Riverine carbon loads of Asia and the globe. The units are in parenthesis. The units of carbon loads are Tg-C yr-1, and the 

units of carbon yields are g-C m-2 yr-1. 

 

Reference Component Continent 

Number of 

rivers used 

Sum of area 

(106 km2) 

Sum of Q 

(km3 yr-1) 

DIC 

Load  

DOC 

Load  

POC 

Load  

PIC 

Load  

TC 

Load 

Degens et al. 

(1991) 

DIC, DOC, POC Asia 18 45 12,205 158 94 128 NA 380 a 

Dai et al. 

(2012) 

DOC Asia 26 NA 9,838 NA 52 NA NA NA 

Li et al. 

(2017) 

DIC, DOC, POC Asia NA† NA 14,070 97 87 77 NA 261 a 
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Reference Component Continent 

Number of 

rivers used 

Sum of area 

(106 km2) 

Sum of Q 

(km3 yr-1) 

DIC 

Load  

DOC 

Load  

POC 

Load  

PIC 

Load  

TC 

Load 

Harrison et al. 

(2005)  

Seitzinger et 

al. (2005) 

DOC 

 

DOC, POC 

Asia 

(excluding 

Indonesia) 

16 32 NA NA 32 47 NA 79 b 

Degens et al. 

(1991) 

DIC, DOC, POC, 

PIC 

Global 51 128 35,319 407 335b NA NA 407 a 

Smith and 

Hollibaugh 

(1993) 

DOC, POC Global NA NA NA NA 204 204 NA 408 b 

Meybeck and 

Vörösmarty 

(1999) 

DIC, DOC, POC, 

PIC 

Global >40 150 37,400 385 215 205 170 975 
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Reference Component Continent 

Number of 

rivers used 

Sum of area 

(106 km2) 

Sum of Q 

(km3 yr-1) 

DIC 

Load  

DOC 

Load  

POC 

Load  

PIC 

Load  

TC 

Load 

Ludwig et al. 

(1996) 

DOC, POC Global 60 106 38,170 NA 205 173 NA 378 b 

Ludwig et al. 

(1998) 

DIC, DOC, POC Global NA NA 38,170 327 206 188 NA 721 a 

Aitkenhead 

and 

McDowell 

(2000) 

DOC Global 164 NA NA NA 360 NA NA NA 

Harrison et al. 

(2005)  

Seitzinger et 

al. (2005) 

DOC 

 

DOC, POC 

Global 68 114 37,400 NA 170 197 NA 367 b 



 

91 

 

Reference Component Continent 

Number of 

rivers used 

Sum of area 

(106 km2) 

Sum of Q 

(km3 yr-1) 

DIC 

Load  

DOC 

Load  

POC 

Load  

PIC 

Load  

TC 

Load 

Cai (2011) 

DIC, DOC, POC, 

PIC 

Global NA NA NA 407 246 216 168 1037 

Dai et al. 

(2012) 

DOC Global 118 NA NA NA 170 NA NA NA 

Li et al. 

(2017) 

DIC, DOC, POC 

Global 

(excluding 

Oceania) 

263 NA 37,910 366 233 228 NA 827 a 

a DIC, DOC and POC combined 

b TOC: DOC and POC combined 

† NA: not available
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2. Methods 

2.1. The riverine carbon database of Asia 

The riverine carbon database was constructed using the data from 128 

published studies in Asia (Appendix Table A1–A4). The database contained 

watershed area, sampling location (latitude and longitude), Q, concentration of each 

carbon species (DIC, DOC, POC, and PIC), and loads. Graphic data were changed 

into numbers using getData Graph Digitalizer program (GetData Graph Digitizer 2.26; 

http://getdata‐graph‐digitizer.com) and appended into the database. The instant 

carbon loads were scanned or downloaded from published studies, or was calculated 

by multiplying concentration and Q. The COSCAT (The Coastal Segmentation and 

its related Catchment) watersheds were used as a unit to show riverine carbon loads 

separating the regions based on geological, climatological, and oceanographic 

characteristics (Meybeck et al., 2006). Asia in this study was defined following the 

definition used in the COSCAT watersheds, including Russia and Southwest Asia 

(Meybeck et al., 2006; Figure A1). The data on 18 rivers of Southeast Asia were 

newly added in this study, which was provided by Dr. Chen-Tung Arthur Chen 

(National Sun Yat-sen University, Taiwan). 

A 30 m by 30 m resolution data of Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 
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(GDEM V2) files (NASA, 2011) were used to delineate the boundaries of the 

watersheds using ArcHydro tools in ArcGIS 10.1 program (Environmental Systems 

Research Institute (ESRI), USA). More than 6,000 image GDEM files were merged 

by mosaic method of ENVI program (Version 4.5, ITT Visual Information Solutions, 

Boulder, CO, USA). A total of 135 watersheds were delineated, which covers about 

70% of Asia. 

 

2.2. GIS data on environmental factors 

GIS data on environmental factors were collected including climate, LULC, 

rock types, soil organic carbon (SOC) content (ton per hectare at 0–30cm depth), 

slope (0 to 0.5, 0.5 to 2, 2 to 5, 5 to 8, 8 to 16, 16 to 30, and 30 to 45 degree), 

population density (0, 0 to 2, 2 to 10, 10 to 50, 50 to 250, and above 250 persons km-

2), the proportion of trapped sediment within the watershed (%TS), and carbonate 

outcrop area, to analyze the effects of environmental variables on riverine C loads. 

Maps of climate, LULC, slope, and population density were downloaded from Land 

Degradation Assessment in Dryland (LADA) project Version 1.1 

(http://www.fao.org/land-water/land/land-assessment/assessment-and-monitoring-

impacts/en/) (Figure A3, A4, and A5). The carbonate outcrop map was downloaded 

from environmental school of the University of Auckland 

(http://web.env.auckland.ac.nz/our_research/ 
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karst/). Global lithological map (GLiM, downloaded from https://www.ccgm.org) 

with 0.5° by 0.5° resolution was used to calculate the proportion of rock types within 

each watershed. The 1 km by 1 km resolution map of global soil organic carbon map 

Version 1 was downloaded from Food and Agriculture Organization of the United 

Nations (FAO) (http://www.fao.org/global-soil-partnership/pillars-action/4-

information-and-data-new/global-soil-organic-carbon-gsoc-map/en/). The six global 

NEE models were downloaded and used to analyze the relationships between the 

DOC yield and NEP in the river basins in Asia. The detail information of the six NEE 

models is provided in Table 5. 

 

2.3. Estimation of riverine carbon loads in Asia 

Carbon loads in at the lowest point of each river (independent watershed) 

except nested watershed were used to estimate total riverine carbon loads in Asia. 

When there were multiple data of carbon loads for a river, the most recent data, 

measured for at least one year including dry and wet seasons, were used to estimate 

carbon loads. When the C load was not reported but the data of C concentration and 

the Q were provided, the C load was calculated by multiplying the flow weighted 

mean concentration by the Q. 

Carbon load of each COSCAT watershed in Asia was estimated using the 

linear regression between log-transformed carbon loads and log-transformed Q. 
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Riverine C load was correlated with Q regardless of the carbon form in the 

independent rivers (R=0.81–0.91, p<0.01, Figure 1). 

 

2.4. Data analysis  

 Correlations between riverine carbon yields and the environmental factors 

were analyzed using SPSS Statistics v20 program (IBM, New York, USA). Normality 

of data such as carbon loads, yields, and environmental variables were tested using 

Kolmogorov-Smirnov and Shapiro-Wilk methods (Alvarez-Cobelas et al., 2012). 

However, most of data failed the normality test, and thus spearman correlation was 

used instead which does not require the normality of data (Alvarez-Cobelas et al., 

2012). Correlation analysis was conducted excluding outliers with the value that are 

at least three standard deviation apart from mean. DIC yield at the middle of Yangtze 

River basin, DOC yield of the Siak River basin, POC yields in the watersheds of 

Lanyang Hsi and the Tanshui rivers, and PIC yield of the Heping River basin were 

removed, and data of the Yangtze and the Brahmaputra rivers for DIC load, the Lena 

and Ob’ rivers for DOC load, and the Ayeyarwady and the Salween and the Mekong 

rivers for POC load, and the Huanghe River for PIC eliminated before statistical 

analysis. 
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Figure 1. Relationships between Log (Q (m3 yr-1)) and (a) Log (DIC load (g-C yr-1)), 

(b) Log (DOC load (g-C yr-1)), (c) Log (POC load (g-C yr-1)), and (d) Log (PIC load 

(g-C yr-1)). Only rivers from independent watersheds were used.  

 

  



 

97 

 

 

3. Results 

3.1. Measured concentration, loads, and yields of river carbon 

Annual mean [DIC], [DOC], [POC], and [PIC] of rivers in Asia ranged 1.9–

58.9 mg L-1 (n=110), 0.5–35.9 mg L-1 (n=63), 0.3–18.4 mg L-1 (n=65), and 0.1–

4.3 mg L-1 (n=21, excluding an outlier: 113.3 mg L-1 of the Huanghe River), 

respectively (Figure A2a). Annual DIC, DOC, POC, and PIC loads were -1.2–10.1 

Tg-C yr-1, -0.05–5.8 Tg-C yr-1, -0.2–3.3 Tg-C yr-1, and 0.0001–1.5 Tg-C yr-1, 

respectively (Figure A2b). The largest riverine DIC load was 10.1 Tg-C yr-1 at the 

lower reach of the Yangtze River, followed by those of the Brahmaputra River (5.9 

Tg-C yr-1) and the Lena River (5.1 Tg-C yr-1). The largest riverine DOC load was 

observed from the Lena River (5.9 Tg-C yr-1), followed by 4.1 Tg-C yr-1 of the Ob’ 

River and 2.7 Tg-C yr-1 of the Indus River. The riverine POC load was the highest in 

the Ayeyarwady River, 3.3 Tg-C yr-1, followed by the Salween River (2.9 Tg-C yr-1) 

and the lower Mekong River (2.7 Tg-C yr-1). Most riverine PIC loads were below 6.2 

Gg-C yr-1, about three orders of magnitude lower than the other carbon types. 

Relatively high PIC loads were observed from rivers in China; 1.5, 0.3, and 0.3 Tg-

C yr-1 in the Pearl River, the Yangtze River, and the Huanghe River, respectively. 

The annual DIC yield ranged from -68.0 to 79.9 g-C m-2 yr-1, DOC yield 

from -0.2 to 39.8 g-C m-2 yr-1, POC yield from -8.2 to 29.0 g-C m-2 yr-1, and PIC from 
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0.1 to 8.0 g-C m-2 yr-1 (Figure A2c). Negative DIC yields were observed in the 

Godavari and the Yangtze river basins (Table A1) and negative POC yields in the 

Godavari and the Pearl river basins (Table A3). The highest carbon yield was 

observed in the watersheds of small rivers of Southeast Asia, especially in Taiwan 

regardless carbon species (Figure 2). Annual DIC yield was higher in the small river 

watersheds in Taiwan and the Ganges River (>70 g-C m-2 yr-1) basin than the other 

river basins (Table A1). The DOC yield was the highest in the watersheds of 

tributaries of the Siak River, Indonesia (23.0–39.8 g-C m-2 yr-1) (Table A2). The POC 

yield was the largest at the Tanshui River watershed, followed by 22.2 g-C m-2 yr-1 at 

the Lanyang Hsi River watershed of Taiwan (Table A3). The PIC yield was the 

highest in the Heping River watershed in Taiwan (8.0 g-C m-2 yr-1) (Table A4). 
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Figure 2. Measured (a) DIC, (b) DOC, (c) POC, and (d) PIC yields in watersheds in 

Asia. The blue lines are major rivers in Asia. The small boxes in red color are the 

regions of South Asia and the boxes in upper left corner are an enlargement of this 

section. The units are in g-C m-2 yr-1. Negative values were due to the larger carbon 

loads upstream than downstream. 
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3.2. Estimated loads and yields of river carbon  

The riverine TC load in Asia was estimated to be about 240 Tg-C yr-1, 

accounting for ~25% of global TC load (Table 3). Riverine DIC load was the 

dominant component (57%) of the TC load, followed by DOC (26%), POC (15%), 

and PIC (2%). The TC yield in Asia was estimated to be 4.8 g-C m-2 yr-1. The DIC 

yield was 2.7 g-C m-2 yr-1, followed by DOC of 1.2 g-C m-2 yr-1, POC of 0.7 g-C m-2 

yr-1, and PIC of 0.1 g-C m-2 yr-1.  

 

 

Figure 3. Estimated (a) DIC, (b) DOC, (c) POC, and (d) PIC loads from watersheds 

in Asia. The units are in Tg-C yr-1. 
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Figure 4. Estimated (a) DIC, (b) DOC, (c) POC, and (d) PIC yields of watersheds in 

Asia. The units are in g-C m-2 yr-1. 

 

 

3.3. Effects of environmental factors on riverine carbon yields 

Carbon loads were positively correlated with Q regardless of carbon species 

(R=0.73–0.91, p<0.01) when all the rivers of database were used in analysis including 

nested rivers. Positive correlations were also observed between carbon yields and 

water yields (R=0.32–0.68, p<0.01–0.05). Watershed area was positively correlated 

with carbon loads of all the carbon species (R= 0.63–0.83, p<0.01), and had negative 



 

102 

 

relationships with carbon yields (R= -0.49 to -0.13) because the carbon yield is 

defined as the carbon load per the watershed area. 

 

3.3.1. DIC 

Two types of carbonate distribution maps were used in the analysis; the 

carbonate outcrop map and GLiM map. The DIC yield had no statistically significant 

relationship with the ratio of carbonate outcrop area to total watershed area 

(%carbonate) nor the proportion of carbonate sedimentary rocks of GLiM map (Table 

2). The DIC yield of the watersheds was not significantly correlated with any rock 

type. 

The DIC yield was positively correlated with proportion of areas under 

temperate or subtropical climates (%temperate and %subtropics) (R=0.26–0.46, 

p<0.01), while it was negatively correlated with %boreal and %desert (R= -0.27 to -

0.25, p<0.01) (Table 2). The DIC yield decreased as the proportion of area (%area) 

with <16 degree of slope increased (R=-0.54 to -0.31, p<0.01) whereas it increased 

as that with >45 degree of slope increased (R=0.41–0.57, p<0.01) (Table 2). 

There was no significant relationship between the DIC yield and the 

proportion of agricultural area (%agriculture) or urban area (%urban), and a negative 

correlation was observed between the proportion of wetland (%wetland) and DIC 

yield (R=-0.41, p<0.01). The DIC yield decreased as %area with no population 
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increased (R=-0.50, p<0.01), and slightly increased as population density increased 

(R=0.26, p<0.01) (Table 2). 

 

3.3.2. DOC 

Proportion of areas under temperate climates was negatively correlated to 

DOC yields (R=-0.27, p<0.01; Table 2). Rock types had no significant relationship 

with DOC yield. The DOC yield had a positive relationship with SOC content 

(R=0.34, p<0.01). 

There was a negative correlation between the DOC yield as %area with 0–

0.5 degree of slope (R=-0.41, p<0.01), whereas the DOC load was positively 

correlated with as %area with 0–0.5 degree of slope (R=0.42, p<0.01) (Table 2). DOC 

yield had a positive correlation with %forest (R=0.29, p<0.05) whereas negative 

relationships were observed between DOC yield and %grasslands and %shrubs (R=-

0.49 to -0.34, p<0.01). There was no significant relationship between DOC yield and 

anthropogenic variables such as population density and %TS (Table 2). 

 

3.3.3. POC 

Significant correlations between the POC yield and other natural factors 

such as SOC content and slope were observed. A positive relationship between the 
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POC yield and SOC content was observed (R=0.42, p<0.01). The POC yield was 

positively correlated with %area with >45 degree of slope (R=0.44, p<0.01; Table 2). 

POC yield had a positive correlation with %forest of the watershed (R=0.28, p<0.05) 

while it was negatively correlated with %shrubs (R=-0.31, p<0.05; Table 2). However, 

the POC yield had no significant relationship with climates and any rock type (Table 

2).  

A negative relationship was observed between the POC yield and population 

density, but, that was not statistically significant. The POC yield had weak negative 

correlation with %TS (R=-0.28, p<0.05). 

 

3.3.4. PIC 

The PIC yield had no significant relationships with all the environmental 

variables (Table 2). In contrast, the PIC load had significant relationships with rock 

types including %carbonate- and %mixed-sedimentary rocks (R=0.57–0.69, p<0.05), 

LULC types of %crop, %agriculture, and %wetland (R=0.44–0.67, p<0.01), %area 

with less than 50 persons km-2 of population density (R=0.56–0.62, p<0.01), 

and %area with over than 250 persons km-2 of population density (R=-0.51, p<0.05). 
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Table 2. Correlation coefficient of correlation analysis between major variables and riverine carbon loads or yields (*: p-value<0.05, 

**: p-value <0.01). 

Variables 

(units) 

DIC DOC POC PIC 

Load Yield Load Yield Load Yield Load Yield 

Area (km2) 0.74** -0.49** 0.83** -0.28 0.63** -0.24 0.73** -0.13 

Water yield (m yr-1) -0.20 0.68** -0.32* 0.55** -0.17 0.60** 0.03 0.44 

LULC (%)                 

Forest -0.04 0.13 -0.09 0.29* 0.07 0.28** -0.01 0.14 

Grasslands 0.12 0.10 0.30* -0.49** 0.43** -0.06 0.37 0.19 

Scrubs 0.29** -0.34** 0.30* -0.34** -0.18 -0.31* 0.38 -0.18 

Crop 0.14 -0.15 0.21 -0.04 -0.04 -0.19 0.57** -0.21 

Agriculture 0.18 0.05 0.25 -0.25 0.18 -0.05 0.44* -0.34 

Urban 0.11 0.17 -0.49** 0.02 -0.36** 0.12 -0.68** -0.12 

Wetlands 0.25* -0.41** 0.53** -0.00 0.45** -0.21 0.67** 0.25 

Sparsely vegetated  0.24* -0.45** 0.44** -0.25 0.47** -0.19 0.37 0.10 



 

106 

 

Variables 

(units) 

DIC DOC POC PIC 

Load Yield Load Yield Load Yield Load Yield 

areas 

Bare areas 0.26** -0.32** 0.56** -0.20 0.42** -0.12 0.37 0.10 

Climates (%)                 

Polar 0.14 -0.14 0.48** -0.22 0.42** -0.08 0.37 0.06 

Boreal 0.23* -0.27** 0.56** -0.06 0.48** -0.15 0.37 0.1 

Temperate 0.09 0.26** -0.02 -0.27* 0.15 -0.06 0.08 0.08 

Mediterran 0.12 -0.16 0.31* 0.13 0.21 0.13 ND† ND 

Subtropics 0.01 0.46** -0.25* 0.05 -0.11 0.25 -0.44* -0.38 

Tropics 0.06 0.00 0.08 0.14 -0.09 0.15 0.45* 0.35 

Deserts 0.29** -0.25** 0.34** -0.18 0.37** -0.15 ND 0.30 

Carbonate outcrop area (%) -0.02 0.24 ND ND ND ND -0.03 -0.02 

Rock types (%) 
0.24–

0.47* 

-0.34– 

0.05 

0.33–

0.65* 

-0.37**– 

0.11 

0.33–

0.61* 

-0.30– 

0.18 

0.47–

0.70* 

-0.43–

0.31 

Population density                 
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Variables 

(units) 

DIC DOC POC PIC 

Load Yield Load Yield Load Yield Load Yield 

(persons km-2) 

0 0.33** -0.50** 0.58** -0.05 0.52** -0.05 0.62** 0.04 

0 to 2 0.32** -0.14 0.54** -0.09 0.51** 0.06 0.56** 0.17 

2 to 10 0.34** -0.05 0.46** -0.07 0.53** 0.07 0.57** -0.03 

10 to 50 0.34** -0.04 0.14 -0.12 0.25* 0.19 0.61** 0.08 

50 to 250 0.04 0.26** -0.17 -0.19 -0.27* -0.09 0.26 -0.21 

above 250 -0.03 0.15 -0.32* 0.00 -0.23 0.01 -0.51* -0.11 

Slope (degree)                 

0 to 0.5 0.33** -0.43** 0.43** -0.41** 0.46** -0.21 0.42* -0.20 

0.5 to 2 0.32** -0.31** 0.14 -0.18 0.05 -0.19 0.17 -0.29 

2 to 5 0.08 -0.43** 0.20 0.07 -0.02 -0.14 0.08 -0.04 

5 to 8 0.01 -0.54** 0.29* 0.05 0.14 -0.15 0.40 -0.07 

8 to 16 0.01 -0.43** 0.20 0.07 0.04 -0.16 0.11 -0.2 

16 to 30 0.11 -0.13 0.03 -0.07 0.01 -0.07 0.17 -0.23 
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Variables 

(units) 

DIC DOC POC PIC 

Load Yield Load Yield Load Yield Load Yield 

30 to 45 0.09 0.41** -0.15 -0.16 0.05 0.23* 0.17 0.05 

above 45 0.02 0.57** -0.26* -0.15 0.10 0.44** -0.36 -0.03 

%TS ND ND 0.21 -0.14 0.00 -0.28* ND ND 

SOC content  

(ton ha-1 at 0–30cm 

depth) 

ND ND -0.34** 0.34** 0.12 0.42** ND ND 

† ND: No data 
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4. Discussion 

4.1. Riverine carbon loads in Asia 

Estimated riverine TC load in Asia was similar with the results of previous 

studies (Table 3). However, the proportion of each carbon form to the TC load was 

different. The DIC load accounted for 57% in this study whereas 37–48% of TC loads 

in previous studies (Table 3). High DIC loads were observed in low latitudes (30oS–

30oN) possibly due to high proportion of carbonate outcrop area (Huang et al., 2012). 

The proportion of DIC load to the TC load in this study was estimated to be up to 20% 

higher than that in previous research, which was due to the difference of estimation 

method and input data. The method of estimating the loads was different for each 

research. For example, flow weighted mean concentration of river DIC was 

calculated and then the total Q was multiplied to estimate the total DIC load in Asia 

(Huang et al., 2012), or CO2 consumption by rock weathering in the watershed was 

estimated and then the DIC load was calculated using CO2 consumption and Q in the 

previous studies (Li et al., 2015). In addition, while carbon load was estimated using 

data of the rivers in other continents as well as in Asia in previous studies, only data 

from the Asian rivers were used to calculated carbon load in this study. 
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Figure 5. Relationships between Log (Q (m3 yr-1)) and Log (TOC load (g-C yr-1)) of 

12 major rivers of the globe (Schlesinger and Melack, 1981) and 52 rivers in Asia 

(this study).  
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There is a statistically significant difference between the relationship used 

in Schlesinger and Melack (1981) and that derived from 52 Asian rivers in this study 

(p<0.01, Figure 5). The TOC load estimates in this study can be underestimated than 

TOC load estimates in Schlesinger and Melack (1981) in most Asian rivers. If riverine 

TOC load in Asia were calculated using the equation in Schlesinger and Melack 

(1981), it would be ~123Tg-C yr-1 which is about 25% higher than the estimates in 

this study.  

The DIC and the DOC yields in the watersheds of Asian rivers were similar 

with the results of previous studies, whereas the POC and PIC yields were only a half 

of, and one-tenth of those in previous studies (Ludwig et al., 1998; Meybeck and 

Vörösmarty, 1999; Huang et al., 2012). The estimated POC yield in recent research 

tends to be lower than in previous studies, from 2.9 g-C m-2 yr-1 to 0.7 g-C m-2 yr-1 

(Table 3). This may be due to the effects of construction of dams or reservoirs by 

water quality management policies. The number of dams increased by more than 70% 

over the world during 1970–2000, and dam building was concentrated in South 

America and Asia (Zarfl et al., 2015; Maavara et al., 2017). Although the PIC yield 

estimates can be inaccurate due to insufficient data and may have large deviations, 

the effects on total riverine carbon yield can be negligible because the PIC load is 40 

times smaller than TC load (Table 3). 
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Relatively high riverine carbon yields and loads were obtained from the 

watersheds in Southeast Asia regardless of carbon species (Figure 3 and Figure 4). 

Measured carbon yields in especially the river watersheds of Southeast Asia were 

significantly higher than the estimated carbon yields (Figure 6). The estimates of DIC 

yield were approximately up to10 times lower than measured the DIC yields in 

Southeast Asia, which was due to high water yield and [DIC] of the watersheds in 

Southeast Asia. The mean [DIC] in the rivers of Southeast Asia was about 28 mg L-1, 

30% higher than that of the other rivers (22 mg L-1) in Asia. The water yield of the 

watersheds in Southeast Asia with the mean of 3.0 m yr-1 was 4 times higher than that 

of the other rivers in Asia. Thus, estimates on loads and yields of total riverine carbon 

in Asia are conservative. 
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Table 3. Water discharge and carbon loads from rivers in Asia  

(units: Q (km3 yr-1), load (1012 g-C yr-1)). 

Q DIC Load 

DOC 

Load 

POC 

Load 

PIC Load TC Load Reference 

14,460 136 62 37 6 241 This study 

12,205 158 94 128  380 
Degens et 

al. (1991) 

8,694 111 45 60 15 232 
Huang et al. 

(2012)* 

14,070 97 87 77  261 

Li et al. 

(2017) 

* Only rivers with more than 60% of the watershed within 30oS–30oN were included. 
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Figure 6. Measured vs. estimated carbon yields of (a) DIC, (b) DOC, (c) POC, and 

(d) PIC of watersheds in Asia. Closed circles are watersheds in Southeast Asia and 

open circles are the other Asian river watersheds. The dotted lines are the linear 

regression line between estimated and measured carbon yields, and the red lines are 

1:1 lines. The equations are from the linear regression.  
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4.2. Hotspots of riverine carbon yields in Asia 

 Based on measured data, the highest TC load except PIC load was observed 

in the Yangtze River as 2.3 Tg-C yr-1, which might due to the highest Q (960 km3 yr-

1), because [DIC], [DOC], and [POC] in the Yangtze River were similar or lower than 

the average of the other Asian rivers. The rivers in polar regions and Southeast Asia 

had the highest carbon loads among the rivers except the Yangtze River. The three 

large arctic rivers (the Yenisei, the Lena, and the Ob’ rivers) also have the highest Q 

(608, 591, and 415 km3 yr-1) except the Yangtze River, which was up to 7 times higher 

than the other rivers in Asia with the mean of 91 km3 yr-1. The TC loads except PIC 

in the three arctic rivers were 8.3–11.6 Tg-C yr-1, and sum of TC loads in these three 

rivers was ~30Tg-C yr-1, corresponding to about one eighth of TC load estimates in 

the Asian rivers (Table 3). In particular, the DOC loads of the three arctic rivers 

ranged from 4.1 to 5.8 Tg-C yr-1, which were more than 10 times higher than the other 

rivers of Asia with the mean of 399 Gg-C yr-1. However, water yields of the three 

arctic river basins ranged from 0.08–0.24 m yr-1, which were three to ten times lower 

than the mean water yield in the other Asian rivers of 0.7 m yr-1 due to large watershed 

area. Thus, 2.8–4.8 g-C m-2 yr-1 of the TC yields except PIC of arctic rivers were 

obtained, which were > 10 times lower than the average of the other Asian rivers. 

The small rivers of Southeast Asia emerged as hotspot of riverine carbon 

regardless of carbon species (Figure 2). Based on measured data, the TC loads 

including PIC loads of the rivers in Southeast Asia ranged from 1.4 to 3,260 Gg-C yr-
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1, corresponding to the TC yields of 3.4 to 123.8 g-C m-2 yr-1, which correlated with 

high water yields, soils with high OM content, and human effects. The small river 

watersheds in Southeast Asia had four times larger water yields (3.0 m yr-1) than the 

mean of the other Asian rivers, which resulted in about 5 times higher TC yields than 

that of mean TC yields in the other Asian river watersheds (p<0.01). In particular, the 

DIC and POC yields in the Southeast Asian river basins were two to four times higher 

than those of the other rivers in Asia. For example, the Hualien and Tanshui rivers in 

Taiwan had 70–72 g-C m-2 yr-1 of DIC yields and 2.1–2.8 m yr-1 of water yields, which 

were up to six times and four times higher than the average of the other Asian river 

watersheds, respectively (Table A1). Abnormally high POC yields of the Lanyang 

Hsi and Tanshui river basins can be caused by agricultural activities, and a typhoon 

(Kao and Liu, 1997). The [POC] in the Lanyang Hsi River increased up to 30 times 

during a typhoon (Kao and Liu, 1997). The proportion of agriculture or urban area 

increased from the upper to the lower watersheds of the Tanshui River, and the water 

yield and population density were 2.8 m yr-1 and ~2000 persons km-2 in the Tanshui 

River watershed, which four and sixteen times higher than the other Asian rivers, 

suggesting that POC yield can increase by human impacts. 
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4.3. Factors affecting riverine carbon exports in Asia 

Multivariate stepwise regression was conducted to determine the dominant 

variables on carbon yields in Asia except PIC due to insufficient data. The DIC yield 

was mainly correlated with slope. Water yields and slope and climates were related 

with the DOC yield of the watersheds in Asian rivers. Water yield, slope, and 

population density were dominantly correlated with the POC yield. 

Considering the results of correlation and multivariate stepwise regression 

analysis (Table 2), the proportion of area with >30 degrees of slope to total watershed 

area was positively correlated with the DIC yield (R=0.41–0.57, p<0.01). The high 

DIC yield in the watersheds indicates enhanced chemical weathering in a watershed. 

Steep slope can increase surface area by physical weathering which may accelerate 

chemical weathering (Lloret et al., 2013; Li and Bush, 2015), releasing DIC. The 

watersheds of several Asian major rivers (e.g. the Yangtze, the Salween, the 

Brahmaputra, and the Pearl river) and some rivers in Southeast Asia have steep slope 

(>50% of total watershed area is covered by >30 degrees of slope) (Figure A5), thus, 

leading to high DIC yield with the mean of 35.4 g-C m-2 yr-1. This is more than four 

times higher than the mean of the other rivers (p<0.01). The proportion of carbonate 

area to total watershed area is considered to be a dominant factor to increase DIC 

yield (Shin et al., 2011a; Huang et al., 2012), however; there was no significant 

relationship between DIC yield and % carbonate area in this study, suggesting that 
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the link between % carbonate area and riverine DIC yield may not be universal. In 

addition, significant correlations between the DIC yield and %area of urban or 

agriculture were also not observed in this study. Although the DIC yield can increase 

due to agricultural activities and urban area expansion, for example, liming or cement 

usage (Oh and Raymond, 2006; Lu et al., 2014), suggesting that human impacts of 

urban or agriculture area may not be affected to the DIC yield in Asia. 

Water yield had a significant positive correlation with the DOC and POC 

yields because the carbon yield was calculated by multiplying water yield and carbon 

concentration. Storm events can increase OC yield of a watershed since not only 

facilitated soil erosion but also increased water yield (Baum et al., 2007; Bird et al., 

2008). Up to ten times of DOC and POC yields were observed during monsoon 

season compared to that of dry season in the watersheds of the Huanghe, Ayeyarwady 

and Salween rivers (Zhang et al., 1992; Bird et al., 2008). Soil characteristics can 

affect riverine OC exports such as water retention capacity, depth of organic layer, 

and content of water soluble carbon (Amiotte Suchet et al., 2003; Möller et al., 2005; 

Barnes and Raymond, 2009; Alvarez-Cobelas et al., 2012). In particular, SOC content 

can directly influence the OC yield because the river DOC can be derived from 

solubilization of SOC and because river POC from erosion of SOC (Deb and Shukla, 

2011). The SOC content (ton ha-1 at 0–30cm depth) was positively correlated with 

both the DOC and POC yields in the Asian river basins (Table 2), suggesting that it 

can be a dominant factor to affect the OC yield in Asia. Generally the DOC yield can 
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increase as %wetland increases due to peat dominant soils with high [OC] (Moore et 

al., 2013), however; there was no significant correlation between %wetland and the 

DOC yield in this study. There was no wetland in 36 river basins and only 14 river 

basins had >1% of proportion of wetland to the total watershed area, suggesting that 

the effect of wetland on the DOC yield may not be observed due to low proportion of 

wetland in the watersheds in this study. 

The POC yield can be mainly controlled by slope as well as water yield in 

the watersheds. The POC yield tended to increase as %area with >30 degrees of slope 

increases in the watersheds (Table 2), suggesting that erosion could easily increase 

OM inputs into the river (Ludwig et al., 1996). Population density had no significant 

correlation with the POC yield (Table 2), although it was selected as a significant 

variable in the multivariate stepwise regression model. 

To sum up, natural factors such as water yield and slope can predominantly 

influence carbon yields of the watersheds in Asia, while the effects of anthropogenic 

variables such as %area of urban or agriculture, and population density on carbon 

yield in the Asian river basins were low regardless of carbon species (Table 2). There 

were significant correlations between population density and DIC yield (Table 2). 

The proportion of land area where no one lives to total watershed area was negatively 

related to DIC yield (Table 2). In contrast, the DIC yield increased as %land area with 

>50 persons km-2 increased (Table 2). Most of the watersheds in Asia have high 

population density. About 22% of the watershed area in the Asian rivers had >250 
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persons km-2 of population density and the mean proportion of area with >50 persons 

km-2 of population density to the watershed area in the Asian rivers was ~61% (Figure 

A4), suggesting that human impacts on the DIC yields in the Asian rivers can be high. 

 

4.4. Trends and possible causes of riverine carbon exports in 

Asia 

Riverine [DOC] and DOC loads have increased in several rivers over the 

world (Evans et al., 2005; Findlay, 2005; Monteith et al., 2007; Hruška et al., 2009; 

Shi et al., 2016). Increment of carbon accumulation in the river basin can be one of 

reasons of the temporally upward variation (Shi et al., 2016). The NEP is the result 

of a variety of biogeochemical reaction in terrestrial ecosystems, which can be 

compared to riverine carbon load in the watershed to determine whether the 

watershed is a carbon sink or a source (Oh, 2016), thus, correlation between gross 

primary production (GPP), NEP and riverine DOC yields were analyzed. Weak 

positive correlation was observed between the DOC yields and GPP (R=0.32, p<0.05), 

while the relationship between NEP and the DOC yields differed depending on the 

NEP model (Table 4 and Figure A5). Positive relationships between NEP and the 

DOC yield in the watersheds were observed in three NEP models, whereas NEP from 

CarbonTracker was negatively correlated with the DOC yield. In addition, there was 

no significant correlation between the DOC yield and NEP in the other two models. 

In other words, there was no clear relationship between NEP and the DOC yields, 
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thus, DOC yields in Asia might not be significantly related to NEP as the indicator of 

carbon accumulation within the watersheds.
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Table 4. Correlation between DOC yield and NEP downloaded from 6 different NEE models.  

Model 

Spatial 

Resolution 

Temporal 

Resolution 

Study Duration 

Global NEP 

(Pg-C yr-1) 

Relationships 

with DOC yield 

Reference 

Upscaled diurnal 

cycles of land–

atmosphere fluxes 

0.5° X 0.5° Monthly 2001-2014 21.42 Positive Bodesheim et al. (2018) 

CarbonTracker 1°X1° Monthly 2000-2016 3.73 Negative CarbonTracker a 

VISIT 0.5° X 0.5° Monthly 2005-2011 4.28 Positive Fisher et al. (2016) 

CLASS-CTEM-N 0.5° X 0.5° Monthly 2005-2011 7.98 not significant Fisher et al. (2016) 

SIB3 0.5° X 0.5° Monthly 2005-2011 -0.19 not significant Fisher et al. (2016) 

TRIPLEX-GHG 0.5° X 0.5° Monthly 2005-2011 16.72 Positive Fisher et al. (2016) 

a data was downloaded from https://www.esrl.noaa.gov/gmd/ccgg/carbontracker/ 
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The estimated POC yield in Asia was up to ten times smaller than those of 

the other studies, which might be caused by temporal variation of the POC yield by 

constructions of dams or reservoirs. Construction of dams and reservoirs has 

increased since 1970s over the world and the number of large hydropower dams is 

expected to increase to about twice (~20,000 large dams over 15 m in height) in the 

next few decades (Zarfl et al., 2015; Maavara et al., 2017). Construction of new dams 

is concentrated in Asia, especially in China and India including Yantze, Ganges, and 

Brahmaputra rivers (Zarfl et al., 2015). About 50,000 dams have been built on the 

Yangtze River Basin over the past 50 years, which has resulted in an 81% reduction 

of POC load compared to before dam building (Li et al., 2015). The POC load also 

decreased with time in Xijiang River during 1954–2005 due to dams and reservoir 

constructions and reforestations, about 100 Gg-C yr-1 of POC had been reduced for 

50 years in Xijiang River based on regression equation (Sun et al., 2010). About 13% 

of riverine TOC load was reduced due to burial and mineralization in the reservoir by 

damming in the global scale in 2000, and TOC load was predicted to decrease by 19% 

in 2030 as the dam construction continued (Maavara et al., 2017). The POC yield had 

a negative relationship with %TS, suggesting that the POC yield can decrease by 

trapped TS by dams and reservoirs within a watershed (Table 2). Thus, the POC yield 

in the Asian river basins could decrease over time if water quality management policy 

using dams and reservoirs continues. 
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5. Conclusions 

Asia is the largest continent with a variety of climate zones, soil types, 

topography, and high population density, which includes ‘hot spots’ of global riverine 

carbon exports. New riverine carbon database of Asia was constructed based on 128 

previous research, and 135 watersheds were delineated, which covers 70% of Asia. A 

total of 241 Tg-C yr-1 was released from the rivers in Asia. DIC, DOC, POC, and PIC 

accounted for 57%, 26%, 15%, and 2% of the total riverine carbon load, respectively. 

The DIC, DOC, POC, and PIC yields were -68–78 g-C m-2 yr-1, -0.2–40 g-C m-2 yr-1, 

-8.2–29 g-C m-2 yr-1, and 0.1–8.0 g-C m-2 yr-1. More than 30 Tg-C yr-1 was released 

by the three Arctic rivers (the Yenisei, the Lena, and the Ob’ rivers) due to high 

discharge, which corresponds to 13% of the total carbon load estimates in the rivers 

in Asia. Up to 123.8 g-C m-2 yr-1 of high carbon yield was observed in the rivers of 

Southeast Asia. Natural factors such as water yield and slope were mainly correlated 

with carbon yields in Asia regardless of carbon species. The estimated POC load in 

Asia has decreased which might be caused by concentrated dam building. Although 

natural factors can dominantly influence riverine carbon yield, the load or yield of 

riverine carbon in the future may change by anthropogenic activities since Asia is still 

undergoing rapid environmental changes by economic development. Studies on long-

term variation of riverine carbon in Asia can help us understand biogeochemical fates 

of riverine carbon due to rapid changes of the environment and climate.  
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Appendix 

 

Table A1. Concentrations, loads, and yields of riverine DIC in Asia. The units are in 

parenthesis. The units of carbon loads are 1010 g-C yr-1, and the units of carbon yields 

are g-C m-2 yr-1. 

River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

Ganges 

(Ganga)  
Kali 1 1.6 21.9 3.4 9.9 1 

Ganges 

(Ganga)  
Kali 2 2.3 21.9 1.7 33.0 1 

Ganges 

(Ganga)  
Kali 3 2.4 22.2 0.2 60.2 1 

Ganges 

(Ganga)  
Kali 4 5.7 17.6 4.7 24.0 1 

Ganges 

(Ganga)  
Kali 5 16.0 21.0 22.0 51.0 1 

Ganges 

(Ganga)  
Seti 3.3 24.2 7.9 79.9 1 

Ganges 

(Ganga)  
Chepe 0.3 1.9 0.1 4.4 1 

Ganges 

(Ganga)  
Darondi 0.8 9.7 0.8 21.4 1 

Ganges 

(Ganga)  
Marsyandi 7.3 15.3 11.2 28.0 1 

Ganges 

(Ganga)  
Trisuli 1 5.7 9.5 5.4 11.7 1 

Ganges Trisuli 2 8.1 11.5 3.9 25.7 1 
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River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

(Ganga)  

Ganges 

(Ganga)  
Andi kohla 1.1 14.1 1.5 61.7 1 

Ganges 

(Ganga)  
Narayani 50.5 19.3 34.5 35.9 1 

Ganges 

(Ganga)  
Chambal 30.0 31.6 94.9 5.5 2 

Ganges 

(Ganga)  

Ganga(before 

confluence with 

the Yamuna) 

59.0 21.0 123.7 10.2 2 

Ganges 

(Ganga)  
Yamuna 93.0 26.2 120.1 4.8 2 

Ganges 

(Ganga)  
Ghaghara 94.0 21.3 201.8 17.1 2 

Ganges 

(Ganga)  
Son 32.0 18.1 57.7 6.6 2 

Ganges 

(Ganga)  

Ganga(after 

confluence with 

the Ghaghara, 

Son and Gandak) 

364.0 23.6 164.4 7.9 2 

Cauvery  6 8.0 25.4 20.3 10.1 3 

Cauvery  7 9.2 26.6 4.1 1.7 3 

Cauvery  8 9.6 28.5 2.8 1.8 3 

Cauvery  9 11.5 29.9 7.2 4.3 3 

Godavari  Pravara 1.4 25.7 3.6 5.1 4 

Godavari  Purna 2.8 47.3 13.3 7.4 4 

Godavari  Nanded 15.0 40.3 48.8 13.9 4 

Godavari  Manjara 7.6 49.0 35.9 10.8 4 
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River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

Godavari  Basar 27.2 37.7 -4.9 -6.2 4 

Godavari  Mancherial 23.0 45.3 15.3 13.0 4 

Godavari  Manair 2.8 30.0 8.5 10.4 4 

Godavari  Wardha 11.9 42.0 24.0 7.5 4 

Godavari  Penganga 5.1 44.7 23.4 11.4 4 

Godavari  Pranahita 36.8 30.7 35.0 4.9 4 

Godavari  Indravati 32.9 10.0 24.4 5.4 4 

Godavari  Sabari 13.6 8.7 12.5 5.4 4 

Godavari  Bhadrachalam 95.3 31.0 -4.8 -2.1 4 

Godavari  Rajahmundry 105.0 24.5 17.0 14.7 4 

Heping   1.3 32.8 4.1 61.0 a 

Houlung   0.9 34.9 3.2 48.2 a 

Hsiukuluan   4.2 34.6 14.5 67.5 a 

Hualien   3.8 33.5 12.7 71.8 a 

Jian Jiang   4.5 6.4 2.9 9.4 a 

Jiulong Jiang   7.9 7.9 6.3 3.8 a 

Kaoping   8.5 34.7 29.3 65.4 a 

Kelantan  Tanah Merah 12.1 5.2 3.2 2.3 5 

Langat  Kajang 0.3 8.4 0.2 4.5 5, 6 

Langat  Dengkil 1.3 6.6 0.7 9.6 6 

Lian Jiang   2.2 10.6 2.3 2.6 a 
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River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

Marikina   3.2 29.5 9.4 25.5 a 

Mekong   470.0 9.5 3.1 0.1 7 

Mekong  Chiang Saen 80.0 21.2 158.5 6.4 8 

Mekong  Pakse 310.0 16.4 285.2 7.2 8 

Nethravati  Nethravati at  9.8 2.7 0.1 14.3 9 

 Bantwala      

Nethravati  Kumaradhara 4.9 2.5 1.2 6.6 9 

Nethravati  Nethravati at  4.9 2.6 1.3 7.2 9 

 Uppinangadi      

PamPanga   4.5 42.3 18.9 17.3 a 

Peinan   3.7 33.7 12.4 65.9 a 

Qin Jiang   1.7 13.3 2.3 7.8 a 

Taan   1.6 35.7 6.3 67.6 a 

Tachia   2.6 29.3 7.8 52.4 a 

Tanshui   7.4 24.8 18.5 70.4 a 

Touchien   0.6 28.4 1.7 17.5 a 

Wu   3.7 37.6 14.0 55.4 a 

Yangtze  Tuotuo He 1.3 55.4 7.4 4.6 10 

Yangtze  Chumaer He 0.2 38.0 0.9 1.0 10 

Yangtze  Tongtian He 33.5 58.9 188.7 16.8 10 

Yangtze  Mainstream of 

the Jinsha Jiang 
39.4 37.4 -49.5 -22.5 10 
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River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

(JSJ-7) 

Yangtze  

Mainstream of 

the Jinsha Jiang 

(JSJ-9) 

67.5 38.5 112.3 20.4 10 

Yangtze  

Mainstream of 

the Jinsha Jiang  

(JSJ-11a) 

38.0 36.2 -122.4 -68.0 10 

Yangtze  

Mainstream of 

the Jinsha Jiang  

(JSJ-12) 

  37.4     10 

Yangtze  

Tributaries of the 

Jinsha Jiang  

(JSJ-14a) 

34.5 35.3 121.8 9.4 10 

Yangtze  

Mainstream of 

the Jinsha Jiang  

(JSJ-13a) 

143.6 36.2 261.0 50.2 10 

Yangtze  

Tributaries of  

the Jinsha Jiang  

(JSJ-16) 

2.2 38.7 8.7 27.9 10 

Yangtze  

Mainstream of 

the Jinsha Jiang  

(JSJ-15) 

150.4 41.4 103.1 27.9 10 

Yangtze  

Mainstream of 

the Jinsha Jiang  

(JSJ-17) 

167.8 40.8 52.5 17.0 10 

Yangtze  Minjiang 14.9 37.5 55.8 15.1 10 

Yangtze  Daduhe 61.6 27.9 171.7 19.3 10 



 

130 

 

River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

Yangtze  

(Chang jiang) 
  960.0 21.5 1012.7 8.9 11, 12, 13 

Yenisey  
Tembenchi  

(f. Tembenchi) 
10.3 2.6 2.5 1.0 14 

Yenisey  
Kochechum 

(Tura) 
36.5 3.5 12.0 1.3 14 

Yenisey  Nidym 3.3 6.8 2.1 1.5 14 

Yenisey  
Nizhnyaya 

Tunguska (Tura) 
65.2 9.2 70.2 2.8 14 

Yenisey  

Podkamennaya 

Tunguska 

(Baikit) 

30.0 9.3 27.8 1.8 14 

Yenisey    608.0 10.8 485.4 0.6 15 

Xijiang  Wuzhou Station 238.0 19.6 427.0 12.9 16 

Xijiang   214.7 21.0 23.0 9.9 17 

Anabar   4.7 4.3 1.0 0.4 18 

Brahmani  

(Bhahmani) 
  16.3 10.6 17.3 6.1 19 

Brahmaputra   510.0 11.5 586.1 10.1 15 

Chao phraya   31.2 19.0 59.3 3.1 a 

Geum    5.1 10.1 5.8 6.2 b 

Han    22.0 11.4 24.0 11.0 b 

Hong   78.5 48.6 381.2 24.2 a 

Huanghe   15.0 41.7 105.0 1.4 20 
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River Location 

Q 

(km3 yr-1) 

[DIC] 

(mg L-1) 

DIC 

Load 

DIC 

yield 

References 

(Yellow) 

Indigirka   50.4 1.9 9.0 0.3 15 

Indus   104.0 20.2 210.0 2.9 20 

Kapuas   189.6 6.7 127.3 15.0 a 

Kolyma   107.0 5.7 68.0 1.0 15 

Lena   591.0 9.6 507.9 2.1 21 

Mahanadi  

(Mahahadi) 
  54.4 13.0 70.7 8.0 19 

Mahi    10.8 28.5 30.9 12.1 19 

Nakdong    11.0 9.9 12.4 6.0 b 

Ob’   414.5 8.2 357.0 1.2 15 

Pearl    350.0 19.4 99.3 11.7 21, 22 

Penner    5.2 22.8 11.8 2.4 19 

Rajang   148.7 4.9 72.2 14.5 a 

Sumjin    2.9 5.8 1.6 3.8 b 

Tapti    12.6 34.1 33.1 6.7 19 

Yana   31.5 3.3 9.0 0.4 15 

Youngsan    2.2 9.1 2.4 11.0 b 

a. data was provided by Dr. Chen-Tung Arthur Chen 

b. data from Chapter two  
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Table A2. Concentrations, loads, and yields of riverine DOC in Asia. The units are 

in parenthesis. The units of carbon loads are 1010 g-C yr-1, and the units of carbon 

yields are g-C m-2 yr-1. 

River Location 

Q 

(km3 yr-1) 

[DOC] 

(mg L-1) 

DOC 

Load 

 

DOC 

yield 

 

References 

Ayeyarwady Seiktha 426.6 2.1 89.0 2.2 23 

Heping   1.3 0.5 0.1 0.9 a 

Houlung   0.9 0.9 3.2 0.3 a 

Hsiukuluan   4.2 4.2 0.7 0.3 a 

Hualien   3.8 0.8 0.3 1.7 a 

Huanghe 

(Yellow) 
  15.0 15.0 3.3 -5.0 20 

Huanghe  Toudaoguai 17.4 3.6 6.0 0.1 20 

Huanghe  Tongguan 27.1 4.1 5.0 0.1 20 

Jian Jiang   4.5 2.3 1.1 3.4 a 

Jiulong Jiang   7.9 7.9 2.1 1.6 a 

Kaoping   8.5 8.5 0.6 0.5 a 

Kelantan  Tanah Merah 12.1 4.5 5.3 3.8 5 

Langat  Kajang 0.3 3.9 0.1 2.1 5, 6 

Langat  Dengkil 1.3 4.1 0.7 10.7 6 

Lanyang Hsi    1.6 1.6 2.1 0.3 24 
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River Location 

Q 

(km3 yr-1) 

[DOC] 

(mg L-1) 

DOC 

Load 

 

DOC 

yield 

 

References 

Lian Jiang   2.2 1.9 0.4 0.5 a 

PamPanga   4.5 4.5 5.8 2.6 a 

Pearl  delta Yamen 13.0 2.1 3.0 4.4 25 

Peinan   3.7 0.7 0.3 1.4 a 

Qin Jiang   1.7 2.1 0.3 1.2 a 

Salween  Hpa-an 211.0 1.1 23.0 0.8 23 

Siak  S. Tapung Kanan 2.6 21.1 5.4 23.0 26 

Siak  S. Tapung Kiri 2.8 7.2 2.1 8.3 26 

Siak  Mandau 3.4 35.9 11.9 39.8 26 

Taan   1.6 1.1 0.2 1.9 a 

Tachia   2.6 1.2 0.3 2.0 a 

Tanshui   7.4 2.8 2.1 8.1 a 

Touchien   0.6 0.6 1.5 0.1 a 

Wu   3.7 1.2 0.4 1.7 a 

Yenisey  
Tembenchi  

(f. Tembenchi) 
10.3 9.8 8.6 4.7 14 

Yenisey  
Kochechum 

(Tura) 
36.5 11.3 43.2 3.5 14 

Yenisey  Nidym 3.3 12.6 4.2 2.8 14 

Yenisey  
Nizhnyaya 

Tunguska (Tura) 
65.2 18.7 124.0 4.6 14 
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River Location 

Q 

(km3 yr-1) 

[DOC] 

(mg L-1) 

DOC 

Load 

 

DOC 

yield 

 

References 

Yenisey  

Podkamennaya 

Tunguska 

(Baikit) 

30.0 17.4 52.1 3.3 14 

Yenisei   608.0 7.3 232.4 0.3 27 

Xijiang   214.7 1.4 32.0 0.9 28 

Amur   344.0 6.1 210.0 1.1 23 

Brahmaputra   510.0 3.3 186.8 3.0 23, 29, 15 

Chao Phraya   31.2 3.4 10.5 0.6 a 

Dalinghe   1.4 2.9 0.4 0.2 29 

Ganges   476.0 2.8 140.0 1.3 23 

Geum    5.1 2.4 1.3 1.3 b 

Godavari   95.9 1.4 13.4 0.4 29, 30 

Han    22.0 1.5 3.2 1.5 b 

Hong   78.5 1.3 10.6 0.7 a 

Indigirka   50.4 6.4 32.3 0.9 29 

Indus   104.0 25.7 267.0 2.9 31, 20 

Kapuas   189.6 5.6 105.8 12.5 a 

Kolyma   107.0 7.4 81.8 1.6 27 

Lena   591.0 9.6 575.6 2.4 32, 27 
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River Location 

Q 

(km3 yr-1) 

[DOC] 

(mg L-1) 

DOC 

Load 

 

DOC 

yield 

 

References 

Mekong   470.0 4.7 219.8 2.8 7 

Nakdong    11.0 2.7 2.9 1.4 b 

Ob’   414.5 9.6 411.9 1.4 27 

Olenek   31.5 10.2 32.3 1.6 33 

Omoloy   1.1 2.8 0.3 0.0 33 

Pearl    350.0 1.5 50.0 5.9 28 

Pechora   131.0 12.3 166.0 5.1 34 

Rajang   148.7 3.0 44.8 9.0 a 

Sumjin    2.9 1.8 0.5 1.1 b 

Tapti    12.6 6.5 10.0 1.5 29 

Yana   31.5 2.9 9.0 0.4 35 

Yangtze  

(Chang jiang) 
  960.0 2.2 184.9 1.0 12 

Youngsan    2.2 3.2 0.7 3.2 b 

a. data was provided by Dr. Chen-Tung Arthur Chen 

b. data from Chapter two 
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Table A3. Concentrations, loads, and yields of riverine POC in Asia. The units are 

in parenthesis. The units of carbon loads are 1010 g-C yr-1, and the units of carbon 

yields are g-C m-2 yr-1. 

River Location 

Q 

(km3 yr-1) 

[POC] 

(mg L-1) 

POC 

Load 

POC 

yield 

References 

Ayeyarwady Seiktha 426.6 7.7 328.5 7.9 23 

Godavari  Pravara 1.4 3.0 0.4 0.6 4 

Godavari  Purna 2.8 0.9 0.3 0.1 4 

Godavari  Nanded 15.0 0.8 0.5 0.2 4 

Godavari  Manjara 7.6 0.4 0.3 0.1 4 

Godavari  Basar 27.2 0.4 -0.4 -0.6 4 

Godavari  Mancherial 23.0 0.3 -0.3 -0.3 4 

Godavari  Manair 2.8 0.4 0.1 0.1 4 

Godavari  Wardha 11.9 12.3 14.1 4.4 4 

Godavari  Penganga 5.1 1.1 0.6 0.3 4 

Godavari  Pranahita 36.8 16.8 47.3 6.6 4 

Godavari  Indravati 32.9 9.0 29.7 6.5 4 

Godavari  Sabari 13.6 3.6 4.9 2.1 4 

Godavari  Bhadrachalam 95.3 7.7 -19.0 -8.2 4 

Godavari  Rajahmundry 105.0 7.2 -2.9 -2.5 4, 31, 20 

Heping   1.3 6.8 0.9 12.7 a 

Houlung   0.9 1.6 0.1 2.2 a 

Hsiukuluan   4.2 1.1 0.5 2.2 a 

Hualien   3.8 2.2 0.8 4.7 a 
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River Location 

Q 

(km3 yr-1) 

[POC] 

(mg L-1) 

POC 

Load 

POC 

yield 

References 

Huanghe  Toudaoguai 17.4 9.7 16.0 0.2 20 

Huanghe  Tongguan 27.1 18.4 43.0 0.8 20 

Jian Jiang   4.5 2.0 0.9 3.0 a 

Jiulong Jiang   7.9 1.3 1.0 0.6 a 

Kaoping   8.5 2.8 2.4 5.3 a 

Kelantan  Tanah Merah 12.1 3.5 4.2 3.1 5 

Langat  Dengkil 1.3 5.5 0.7 5.9 6 

Lanyang Hsi    1.6 11.1 1.8 22.2 24 

Lian Jiang   2.2 3.8 0.8 0.9 a 

PamPanga   4.5 4.1 1.8 1.7 a 

Pearl  Delta Yamen 13.0 2.2 3.0 4.4 25 

Peinan   3.7 8.2 3.0 16.1 a 

Salween  Hpa-an 211.0 13.7 288.5 10.6 23 

Taan   1.6 1.5 0.2 2.6 a 

Tachia   2.6 1.9 0.5 3.4 a 

Tanshui   7.4 10.2 7.6 29.0 a 

Touchien   0.6 2.5 0.2 1.5 a 

Wu   3.7 1.6 0.6 2.3 a 

Yangtze  Wujiang 37.6 0.6 3.1 0.5 36 

Yangtze  
Yuanjiang 

(Wuyanghe) 
3.6 0.5 0.1 0.1 36 

Yangtze  
Yuanjiang 

(Qingshuijiang) 
11.1 0.3 0.4 0.2 36 
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River Location 

Q 

(km3 yr-1) 

[POC] 

(mg L-1) 

POC 

Load 

POC 

yield 

References 

Yangtze    960.0 2.9 184.4 1.1 12 

Yenisei   608.0 0.5 29.5 0.0 37 

Xijiang   214.7 2.7 58.3 1.7 17 

Amur   344.0 4.1 140.0 0.8 23 

Brahmaputra   510.0 2.6 130.0 2.2 23 

Chao Phraya   31.2 3.1 9.6 0.5 a 

Ganges   476.0 3.5 170.0 1.6 23 

Geum    5.1 1.1 0.6 0.7 b 

Han    22.0 0.6 1.0 0.4 b 

Huanghe 

(Yellow ) 
  15.0 15.5 47.4 0.6 20, 38 

Indigirka   50.4 3.4 17.4 0.6 35 

Indus   104.0 15.8 164.0 1.8 31, 20 

Kapuas   189.6 4.7 88.8 10.5 a 

Kolyma   107.0 0.7 7.4 0.1 37 

Lena   591.0 1.5 80.2 0.3 37 

Mekong   470.0 5.7 266.6 3.4 7 

Nakdong    11.0 1.9 1.3 0.6 b 

Ob’   414.5 1.5 58.9 0.2 37 
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River Location 

Q 

(km3 yr-1) 

[POC] 

(mg L-1) 

POC 

Load 

POC 

yield 

References 

Olenek   31.5 0.8 2.6 0.1 33 

Omoloy   1.1 0.3 0.1 0.0 33 

Pearl    350.0 1.5 -4.3 -0.5 25 

Pechora   131.0 0.3 4.0 0.1 34 

Sumjin    2.9 0.7 0.2 0.4 b 

Yana   31.5 1.6 5.0 2.2 35 

Youngsan    2.2 1.6 0.4 1.8 b 

a. data was provided by Dr. Chen-Tung Arthur Chen 

b. data from Chapter two 
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Table A4. Concentrations, loads, and yields of riverine PIC in Asia. The units are in 

parenthesis. The units of carbon loads are 1010 g-C yr-1, and the units of carbon yields 

are g-C m-2 yr-1. 

River Location 

Q 

(km3 yr-1) 

[PIC] 

(mg L-1) 

PIC 

Load 

PIC 

yield 

References 

Heping   1.3 4.3 0.5 8.0 a 

Houlung 0.9 0.3 0.0 0.5 a 

Hsiukuluan 4.2 0.2 0.1 0.3 a 

Hualien   3.8 0.6 0.2 1.2 a 

Jian Jiang   4.5 1.4 0.6 2.0 a 

Jiulong Jiang 7.9 0.3 0.3 0.2 a 

Kaoping 8.5 0.7 0.6 1.3 a 

Lian Jiang   2.2 0.5 0.1 0.1 a 

PamPanga 4.5 0.3 0.2 0.1 a 

Peinan   3.7 1.6 0.6 3.1 a 

Sarawak 7.9 0.2 0.1 5.5 a 

Taan   1.6 0.2 0.03 0.3 a 

Tachia   2.6 0.3 0.1 0.5 a 

Tanshui   7.4 0.1 0.1 0.4 a 

Touchien 0.6 0.2 0.03 0.1 a 

Wu   3.7 0.1 0.0 0.1 a 

Chao Phraya  31.2 0.7 2.1 0.1 a 
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River Location 

Q 

(km3 yr-1) 

[PIC] 

(mg L-1) 

PIC 

Load 

PIC 

yield 

References 

Huanghe 

(Yellow) 
 15.0 113.3 151.0 2.0 39 

Kapuas  189.6 0.2 4.1 0.5 a 

Pearl  350.0 0.8 28.5 0.6 40 

Rajang  148.7 0.4 5.9 1.2 a 

Yangtze 

(Chang jiang) 
 960.0 0.4 30.6 0.2 39 

a. data was provided by Dr. Chen-Tung Arthur Chen 

b. data from Chapter two 
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Figure A1. Spatial definition of Asia in this study based on COSCATs watersheds 

(data from Meybeck et al., 2006). The grey line is the boundary of each COSCAT 

watershed. 

 

Figure A2. Box plots of (a) concentrations, (b) loads, and (c) yields of riverine carbon 

in Asia. The number of data are 110 for DIC, 63 for DOC, 65 for POC, and 22 for 

PIC. 
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Figure A3. Areas under polar to tropical climates in Asia. Climates map was 

downloaded from Land Degradation Assessment in Dryland (LADA) project Version 

1.1 (http://www.fao.org/land-water/land/land-assessment/assessment-and-

monitoring-impacts/en/). 
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Figure A4. Population density of Asia (unit: persons km-2). Population density map 

was downloaded from Land Degradation Assessment in Dryland (LADA) project 

Version 1.1 (http://www.fao.org/land-water/land/land-assessment/assessment-and-

monitoring-impacts/en/). 
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Figure A5. Slope of Asia (unit: degree). Slope map was downloaded from Land 

Degradation Assessment in Dryland (LADA) project Version 1.1 

(http://www.fao.org/land-water/land/land-assessment/assessment-and-monitoring-

impacts/en/). 
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Figure A6. Relationships between the DOC yield and NEP of (a) upscaled diurnal 

cycles of land-atmosphere fluxes and TRIPLEX-GHG, and (b) Carbon Tracker, 

VISIT, CLASS-DTEM-N, and SIB3 models of the watershed in Asia.  
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CHAPTER FIVE 

Conclusions 

 

 

A multiscale approach was applied to watersheds in Asia to analyze the loads 

and biogeochemical properties of stream and riverine carbon that were influenced 

by several natural and anthropogenic factors within the watersheds. Hydrological 

factors such as precipitation (PPT) and discharge (Q) dominantly affected the loads 

and characteristics of stream and riverine carbon regardless of the carbon species 

and the size of the watersheds. The DIC was the dominant component in a forest 

headwater stream of South Korea. Stream [DIC] slightly decreased during storms 

because of dilution effect, but, the DIC load increased due to increase of Q. The 

[DOC] and [POC] reached up to 3.8 and 19.1 mg L-1 during storms, while the 

annual mean [DOC] and [POC] of weekly collected samples were 0.9 and 0.4 mg L-

1, respectively. The Δ14CDOC of stream increased during summer monsoon, and 

reached 45.5‰ at peak of storm indicating inputs of relatively fresh organic 

materials from vegetation and surface soils. 

 The DIC was also the main component of carbon in the five largest rivers 

in South Korea. Loads and yields of riverine carbon in summer accounted for 33–50% 
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of annual carbon loads in all rivers due to high PPT and Q. The riverine Δ14C was 

enriched in summer than the other seasons regardless of carbon species. The Δ14CDIC, 

Δ14CDOC, and Δ14CPOC decreased down to -88.7, -124.3, and -125.5‰ in the other 

seasons, respectively, which might be due to anthropogenic impacts such as 

wastewater treatment plant (WWTP) effluent in urban area and agricultural 

petrochemical usage in agricultural area in South Korea. 

 A total of 241 Tg-C was estimated to be released from the rivers in Asia, 

with DIC accounting for 57%, DOC 26%, POC 15%, and PIC 2% based on the 

river data collected from 128 studies in Asia. Total carbon loads estimates in the 

Asian rivers in this study were similar to those of other previous studies (232–380 

Tg-C), however; there was a difference in the proportion of loads of each carbon 

species to total carbon loads. The proportion of DIC loads to total carbon loads is 

estimated to be 8–19% higher and the proportion of POC loads is estimated to be 

11–19% lower compared to those of other studies. The riverine carbon loads were 

significantly correlated with natural (geomorphological, geological, and 

meteorological) characteristics in the watersheds such as slopes, rock types, and the 

distribution of climate zones than anthropogenic factors such as population density, 

and proportions of agricultural and urban areas. 

 This study can still be improved with more data on carbon loads and 

isotopes of rivers. For example, the carbon isotopes of each source such as WWTP 

effluent and soil organic matter was not included in Chapter three, and the 
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concentrations and properties of riverine carbon were measured seasonally in 

Chapter three and many previous studies in Chapter four. 

 Despite these limitations, the results can be used to predict changes in 

loads and biogeochemical characteristics of streams and riverine carbon in Asia due 

to climate change or environmental changes such as urbanization and cropland 

expansion. Changes in the amount and quality of carbon in the streams and rivers 

can affect the carbon cycle in the aquatic ecosystem, as well as changes of the 

metabolism of aquatic organisms in coastal and marine ecosystems. Thus, future 

studies on biogeochemical fate of carbon in the rivers, estuaries, and the oceans are 

needed to understand the alteration of global carbon cycle due to climate change 

and human activities. 
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요약 (국문초록) 

하천탄소의 유출량과 생지화학적 특성:  

산림시냇물, 우리나라 5대강, 아시아 하천을 대상으로 

서울대학교 환경대학원 

환경계획학과 환경관리전공 

이은주 

 

하천은 전 지구적 탄소순환에서 탄소의 주요 저장고인 육지와 바다를 연

결하는 매개체로서, 비록 그 절대량은 연간 약 1.0 Pg-C로 광합성이나 호

흡 같은 탄소 이동량에 비해 매우 작지만, 이는 생태계 총 생산량(NEP: 

Net Ecosystem Production)과 비교할만한 양이다. 따라서 하천탄소 유출량

이 계산되어야 육생생태계가 탄소 흡수원인지 배출원인지를 판정할 수 

있다. 하천을 통해 유출된 탄소를 정량하고, 하천탄소의 유출량과 생지화

학적 특성에 영향을 미치는 요인을 분석하는 연구가 다양한 규모의 유역

에서 활발히 이루어지고 있다.  

소유역 하천 연구는 하나의 영향요인에 따른 하천탄소의 유출량

이나 특성의 변화를 독립적으로 연구하기에 적합하다. 반면에 중규모, 대

규모 유역 연구는 유역 내 여러 요인이 탄소 유출량과 성질에 미치는 영

향을 종합적으로 분석하기 쉽다. 아시아 하천탄소의 유출량과 생지화학적 

특성을 이해하기 위해, 우리나라 산림 소유역 하천, 우리나라 주요 5대강 

(한강, 금강, 영산강, 섬진강, 낙동강), 아시아 전지역의 강을 대상으로 유

출되는 탄소의 양과 특성에 대한 다중 규모 유역 연구를 수행하였다.  
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전라남도 광양시 백운산 남부학술림 산림 소유역 하천에서 2012

년 1월부터 2015년 4월까지 매 주 하천수 시료를 채취하여 하천탄소의 

농도를 측정하고 계절별 동위원소 분석(
13
C, 

14
C)을 실행하였다. 총 8번의 

강우사상에 대해서는 매 2-24시간마다 하천수 시료를 채취하였다. 산림 

소유역의 단위면적당 연평균 총 탄소 (용존무기탄소(DIC), 용존유기탄소

(DOC), 입자성유기탄소(POC)의 합) 유출량은 약 1.7 g-C m
-2
 yr

-1
 이었으

며 이중 약 83%가 DIC 형태로 유출되었다. 여름(6월–8월)에는 연평균 하

천탄소 유출량의 50% 이상이 유출되었다. Δ
14
CDOC는 -81.5‰에서 45.5‰, 

δ
13
CDOC는 -29.4‰에서 -13.4‰의 범위를 가졌는데, 이 결과를 바탕으로 

여름철 강우 사상시에는 표층유기물질이, 그 외 계절에는 깊은 지하수가 

하천 DOC에 주로 영향을 미치는 것으로 추정된다. 

우리나라 주요 5대강 유역에서는 2012년부터 2013년 동안 연간 

약 580 Gg-C의 탄소가 유출되었는데, 단위면적당 연평균 유출량은 약 10 

g-C m-2 yr-1로, 전 지구적 평균의 약 2배였다. DIC가 총 탄소 유출량의 

80%을 차지하며 우리나라 강 탄소의 주요 구성성분이었고, 여름에 연간 

유출량의 약 34–46%가 빠져나가는 것으로 추정되었다. 우리나라 강 탄소

의 Δ14CDIC는 -88.7‰에서 26.9‰, Δ14CDOC는 -124.3‰에서 0.8‰, Δ14CPOC

는 125.5‰에서 35.1‰의 범위를 가졌으며, 여름철에 모든 탄소 성상(DIC, 

DOC, POC)에서 높은 값을 나타내었다. 비록 여름을 제외한 계절에는 상

대적으로 오래된 탄소가 주로 강을 통해 유출되었지만, 여름철에는 상대

적으로 최근에 생성된 탄소가 하천을 통해 빠져나갔다. 

전 지구적 강 탄소 유출량의 25%인 약 241 Tg-C의 탄소가 아시

아 강을 통해 바다로 유출될 것으로 추정되었다. DIC가 아시아 총 하천탄

소 유출량의 57%를 차지하는 주요 구성 성분이었으며, DOC는 26%, POC

는 15%, PIC는 2%를 차지했다. 아시아 강의 총 탄소 유출량은 기존 연구

들과 비슷하였으나, 탄소 성상별 비율에는 차이가 있었는데, DIC의 비율

은 다른 선행연구들보다 19%까지 높게, POC의 비율은 11–19% 낮게 추정
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되었다. 이는 기존 연구들과는 달리 많은 아시아 강의 측정치만을 대상으

로 만든 강 탄소 유출량과 유량의 새로운 추정식을 사용하여 총 유출량

을 계산하였기 때문이다. 단위면적당 유량과 유역의 경사도와 같은 자연

적 요인이 농업, 도시 지역의 비율이나 인구밀도와 같은 인위적 요인보다 

탄소 유출량과 유의미한 상관관계를 보였다. 이러한 결과는 강 탄소의 기

원이 계절에 따라, 특히 여름철에 변화할 수 있음을 시사한다. 아시아 지

역의 하천 탄소의 양과 생지화학적 특성은 여름철 강우사상에 의해 강한 

영향을 받으며, 이에 따라 더 많은 양의 최근에 생성된 탄소가 육상생태

계에서 하구, 해양생태계로 유출되어 영향을 미칠 수 있다. 

 

주요어: 탄소, 동위원소, 유출량, 용존유기탄소, 용존무기탄소,  

입자성유기탄소, 입자성무기탄소, 하천, 유역, 아시아 

학번: 2013-30709 
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